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ABSTRACT

Bacterial meningitis (BM) is a severe infectious disease, which causes significant
morbidity and mortality up to 30%. BM can be classified into community-acquired
or nosocomial form. Post-neurosurgical meningitis (PNM), a subtype of nosocomial
BM, can occur after neurosurgical operations. PNM prolongs treatment periods and
causes significantly more costs. BM causes a substantial health economic burden.
The implementation of vaccinations have caused a decrease in the incidence of BM
worldwide.

The aim of this thesis was to describe the incidence, characterize the clinical
picture, identify the causative bacteria, study the predisposing factors, and define the
indicators of unfavorable outcome in pediatric and adult populations with BM.

This thesis consists of three different studies. In the first two studies the medical
records of 185 patients diagnosed with BM and in the third 345 patients undergoing
glioma surgery in Turku University Hospital, were retrospectively studied between
2011-2018. The included patients had either a cerebrospinal fluid (CSF) culture
positive- or negative BM. The outcome was evaluated with Glasgow Outcome Scale,
and unfavorable outcome was defined as a score from one to four.

The incidence of BM was slightly higher than previously reported. Streptococcus
pneumoniae was the most frequent causative pathogen in children and adults, while
Streptococcus agalactiae and Escherichia coli dominated the etiology in infants.
Staphylococcus epidermidis was the most frequently found pathogen in PNM
patients. The proportion of nosocomial BM was high, and so was the frequency of
pre-diagnostic antibiotic use. Headache and administration of pre-diagnostic
antibiotics were associated with unfavorable outcome in adult population, and
pretermity and nosocomial BM with pediatric population. Repetitive surgeries were
risk factors for PNM, and the rate of PNM was higher among low-grade glioma
patients compared to patients with high-grade glioma. The frequency of unfavorable
outcome of patients was either compatible with previous studies or lower. The
management of BM patients is at good international class in Southwestern Finland.

KEYWORDS: Bacterial meningitis, post-neurosurgical meningitis, etiology, risk
factors, outcome
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TIVISTELMA

Bakteeriperdinen aivokalvontulehdus eli meningiitti (BM) on vakava infektiotauti,
joka aiheuttaa merkittivad sairastavuutta ja jopa 30 % kuolleisuutta. BM voidaan
jaotella yhteisosté tai sairaalasta saatuun muotoon. Post-neurokirurginen meningiitti
(PNM), sairaalasta saadun meningiitin alatyyppi, voi ilmaantua neurokirurgisten
toimenpiteiden jilkeen. PNM pidentdd hoitojaksoja ja aiheuttaa merkittavid
lisdkustannuksia. BM aiheuttaa yleisesti merkittivaa terveysekonomista taakkaa.
Rokotteiden kayttéonotto on kuitenkin alentanut sairauden ilmaantuvuutta maai-
Imanlaajuisesti.

Tamaén viitoskirjatutkimuksen tarkoitus oli selvittdd ilmaantuvuutta, méaritella
kliinistd kuvaa, tunnistaa aiheuttavia bakteereja, tutkia altistavia tekijoitd ja epi-
suotuisaan lopputulemaan vaikuttavia tekijoitd lapsi- ja aikuispotilailla.

Tamé véitoskirja koostuu kolmesta osajulkaisusta. Kahdessa ensimmaéisessd
sairauskertomukset kéytiin lapi takautuvasti 185 BM potilaalta, ja kolmannessa 345
potilaalta, jotka olivat olleet glioomaleikkauksessa Turun yliopistollisessa keskus-
sairaalassa vuosien 2011-2018 vililla. Potilailla oli joko aivo-selk@ydinneste positii-
vinen tai -negatiivinen BM. Lopputulema maéiriteltiin Glasgow Outcome Scalen
avulla, jossa pisteet yhdestéd neljdén mairiteltiin huonoksi lopputulemaksi.

Bakteerimeningiitin ilmaantuvuus oli hieman korkeampi aiempiin tutkimuksiin
ndhden. Streptococcus pneumoniae oli yleisin bakteeri lapsilla ja aikuisilla, ja
ryhmén B streptokokki ja Escherichia coli olivat imevéisten yleisimmaét patogeenit.
Staphylococcus epidermidis oli yleisin aiheuttajabakteeri PNM ryhmissé. Sairaala-
syntyisten meningiittien osuus oli korkea, kuten my6s edeltdvien antibioottihoitojen
maidrd. Pddnsarky, sekd edeltdvit antibiootit, olivat yhteydessd epadsuotuisaan ennus-
teeseen aikuispotilailla, ja ennenaikaisuus ja sairaalaperdinen BM lapsipotilailla.
Toistuvat leikkaukset olivat riskitekiji PNM:n kehittymiseen. Epdsuotuisan ennus-
teen ilmaantuvuus oli vastaava tai vdhdisempi kuin aiemmin on todettu.
Hoitotulokset BM potilailla Varsinais-Suomessa ovat hyvii kansainvélisti tasoa.

AVAINSANAT: Bakteeriperdinen meningiitti, post-neurokirurginen meningiitti,
etiologia, riskitekijét, ennuste
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1 Introduction

Bacterial meningitis (BM) is a notorius and severe infection, which causes
substantial morbidity and mortality (van de Beek et al., 2004, A). The infection is
the tenth most common cause of death in children below five years of age (Mijovic
etal., 2019). Worldwide, the infection may exceed 16 million cases annually (Global
Burden of Disease Study, 2015) and mortality of 30% in adults and children (Klinger
et al., 2000; Lovera et al., 2022). BM can be classified to either nosocomial or
community-acquired form (Davis, 2018). Post-neurosurgical meningitis (PNM) can
develop after craniectomies, craniotomies or after implementation of ventricular or
lumbar instruments (Hussein et al., 2017). PNM prolongs treatment periods, causing
significantly more costs (Hussein et al., 2017; Reichert et al., 2002). BM causes a
significant health economic burden (Kiyani et al., 2021).

The implementation of conjugate vaccinations during childhood against
Streptococcus pneumoniae, Neisseria meningitidis and Haemophilus influenzae type
B (Hib) has significantly reduced the overall incidence of BM worldwide among
patients of all ages (Koelman et al., 2021; McIntyre et al., 2012; Mijovic et al., 2019;
Whitney et al., 2003). In the Netherlands, the implementation of Hib vaccination has
diminished the incidence of BM caused by Hib from 1.44 to 0.04 episodes per
100 000 population per year (Koelman et al., 2021). In the United States, the 7-valent
pneumococcal conjugate vaccine was associated with a 59% decrease in
pneumococcal BM in children (Whitney et al., 2003). Also, the implementation of
meningococcal group C vaccination has been effective, as it decreased the incidence
of N. meningitidis BM from 2.87 to 0.20 per 100 000 population between 1989—1993
and 2014-2019 (Koelman et al., 2021). The 10-valent pneumococcal conjugate
vaccine caused 54-64% decrease in the incidence of pneumococcal meningitis in
Finland after its implementation in 2010 (Polkowska et al., 2021). Additionally, the
implementation of Hib conjugate vaccination in 1989 caused the decrease of Hib
infections of even 90-100% (Eskola et al., 1991).

The geographical location affects substantially to the incidence of BM; in
developed countries the incidence has been reported to be 0.5-3.4/100 000/year
(Johansson Kostenniemi et al., 2019; Kurtaran et al., 2018; Robinson et al., 2019;
Valdoleiros et al., 2022) in patients of all ages, and in developing countries with even
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Introduction

1000/100 000 cases due to local epidemics (Erdem et al., 2017; Gessner et al., 2010;
Hasun et al., 2017; Koelman et al., 2021).

The typical symptoms of BM consist of headache, fever, and neck stiffness
(Davis, 2018). However, especially with neonates and infants, the clinical
presentation may be quite different: sleepiness, hypotonia, lethargy and irritability
are very often present (Ku et al., 2015; Swanson, 2015). The diagnosis of BM needs
to be confirmed with cerebrospinal fluid (CSF) culture or polymerase chain reaction
(PCR) of the CSF specimen (Davis, 2018).

S. pneumoniae has been reported recently to be the most common pathogen
causing BM in all age groups (Bijlsma et al., 2016; Polkowska et al., 2017; Thigpen
et al., 2011). N. meningitidis is also a notorious and common pathogen causing BM
(Oordt-Speets et al., 2018), and vaccinations against it have been reported effective
in children (Pascucci et al., 2014). However, the vaccines have not been
implemented widely in low-income countries, which suggests that the proportion of
the pathogen causing serious diseases could be lower in developing countries. Group
B streptococcus (GBS; Streptococcus agalactiae) and Escherichia coli are the most
predominant pathogens among infants (Koelman et al., 2021; Mijovic et al., 2019).
Prevention of neonatal BM is proven to be a challenge because maternal intrapartum
antibiotic prophylaxis does not protect children from late-onset GBS disease (Delara
et al., 2023). Staphylococcus epidermidis and Staphylococcus aureus used to be the
main gram-positive cocci causing nosocomial meningitis (van Soest et al., 2022),
but recently the proportion of gram-negative bacteria such as Klebsiella pneumoniae,
Acinetobacter baumannii and E. coli has been rising (Hasanuzzaman et al., 2021;
Welinder-Olsson et al., 2007).

The research on risk factors of BM has been a major interest in recent years.
Immunosuppression, human immunodeficiency virus -infection (Paireau et al.,
2016), indoor air pollution (Wall et al., 2014), overcrowded houses (Mazamay et al.,
2020) and malnutrition (Miller et al., 2014) have been reported as risk factors. Re-
operation, ventricular shunts and male gender have been reported as risk factors of
PNM (Korinek et al., 2008; Reichert et al., 2002). With infants and children,
prematurity and male gender have been reported as risk factors of BM (Haffner et
al., 2021).

The survivors of BM often suffer from wide variety of neurological deficits
afterwards, such as cognitive impairment, motor difficulties, seizures, and paralysis
(Kohli-Lynch et al., 2017). Additionally, with infants and children, hearing loss and
cerebral palsy may be the long-term deficits after BM (Kim, 2010).

The knowledge of current epidemiology of BM in Finland is not up to date,
which was one of the inspirations of this thesis. The differences in clinical picture in
neonates, children, and adults, or with patients with PNM varies widely, and may
change during the constant development of vaccinations and treatments. Also, the
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significance of certain predisposing factors remained of our utmost interest as well
as the indicators of unfavorable outcome.
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2 Review of the Literature

2.1 Anatomy

Brain and spinal cord are surrounded by a triple-layered membrane, defined as the
meninges. The meninges consist of dura mater and thin layers of tissue covering the
central nervous system (CNS), called leptomeninges, which consists of arachnoid
mater and pia mater. Dura mater lays closest to the skull, and it contains blood
vessels, lymphatic vessels, and immune cells. Arachnoid mater lays in the middle
layer, and it is composed of multilayer cells combined with tight junctions, and it
regulates the transport of compounds. CSF fills the area of subarachnoid space
between arachnoid mater and pia mater. Pia mater follows closely the outlines of the
brain parenchyma and spinal cord, and it is highly vascularized and semipermeable
to the CSF. CSF is mostly produced in the choroid plexus of the brain ventricles, and
it pours towards the subarachnoid space. Lymphatic vessels may be playing an
essential role in clearance of CSF (Tavares et al., 2022).

2.2 General pathogenesis of bacterial meningitis

BM causes inflammation of pia mater, arachnoid mater, and the subarachnoid space
of the brain (Figure 1). The pathogens may travel to CNS from upper respiratory
tract, gastrointestinal tract or by hematogenous spread. Spread from ear-nose-throat
areas happen also from sinusitis, mastoiditis, or otitis media (Durand et al., 1993). A
passage of pathogens to CNS may also be a consequence of a skull fracture or an
invasive, often neurosurgical operation (Valdoleiros et al., 2022). In most cases the
spread is hematogenous (Kim, 2003). In neonates, bacterial shift into mucosal
surfaces during or prior to parturition can be a pathway to BM (Edwards et al., 2016).

Certain pathogens are shown to account for the most cases of bacterial
meningitis, and to cause meningeal infections they first need to cross the blood-brain
barrier (BBB) and the blood-CSF barrier (Mastorakos & McGavern, 2019). BBB is
supposed to protect the brain from circulating pathogens and harmful compounds.
BBB consists of human brain microvascular endothelial cells (HBMEC), and they
regulate the entry and exit of the compounds and molecules to the brain. HBMECs
are also responsible for optimal neural microenvironment. The blood-CSF barrier

13
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consists of the choroid plexus and the leptomeningeal vasculature, and it acts
similarly as a controlled channel, which enables immunosurveillance (Mastorakos
& McGavern, 2019). The blood vessels there lack tight junctions and are fenestrated,
allowing the transversal of blood cells and various molecules into the stroma
(Wolburg & Paulus, 2010). An additional layer of ependymal cells and arachnoid
mater provides a barrier between the fenestrated vessels and the CSF (Mastorakos &
McGavern, 2019). Post-capillary veins and venules around the perivascular areas
and subarachnoid space may be the areas bacteria uses for entry primarily into CNS
(Iovino et al., 2013, B; Ridpath et al., 2014).

Crossing of the BBB may be done transcellularly, paracellularly, or also by
infected phagocytes with so-called Trojan horse mechanism (Kim, 2008).
Transcellular drifting through the BBB has been the way to penetrate the CNS by
E. coli, GBS and S. pneumoniae (Kim, 2003; Kim, 2008). Next, the bacteria invade
the meninges, relying on high concentration of bacteremia. After that, pathogen
causes modifications to host-cell cytoskeleton in order to be engulfed and protected
from host-cell attacks. When the pathogen has access to the CSF, the proliferation
of the affecting pathogen causes increasing permeability of the BBB by releasing
proinflammatory compounds. All these reactions cause increased intracranial
pressure, cell toxicity and edema, which eventually causes neuronal injury (Kim,
2003).

Normally, the levels of complement are too low in CSF, even 100—1000-fold
lower than in blood, to sustain necessary antibacterial activity. BBB prevents the
complement proteins from blood to enter the CSF, and even in the case of increased
permeability of BBB such as BM, the levels of complement remains often
substantially lower than in blood. Hence, bacteria can grow effectively in the CSF
and achieve dense population in hours (Mook-Kanamori et al., 2011; Pachter et al.,
2003; van de Beek et al., 2016, A). The complement system has two main goals here;
to kill bacteria directly or by marking them for phagocytosis and to boost the
inflammatory response in several ways (Morgan et al., 2015).

The glial-lymphatic or glymphatic system is a clearance system of the brain, and
it functions mainly during sleep (Jessen et al., 2015). This system is responsible for
disposing waste among other tasks, and BM interferes with this essential function.
The malfunction of the glymphatic system leads to the accumulation of bacterial
parts in the CSF, which is shown to cause cell damage to the neurons,
neuroinflammation and unfavorable neurological outcomes (Oggioni & Koedel,
2022).
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Figure 1. Anatomical structures regarding bacterial meningitis. Reproduced with permission from
van de Beek et al. Community-acquired bacterial meningitis. Nat Rev Dis Primers. 2016
Nov 3;2:16074 and Springer Nature ©.

2.2.1 Pathogen-specific pathogenesis

2211 Escherichia coli

E. coli has been the subject of most studies to understand the pathogenesis of BM
better, one of most prominent causative pathogens in neonates and children (Kim,
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2003). The association with this pathogen and BM relies on the pathogens’ ability to
escape from host defence reactions and the ability to reach necessary state of
bacteremia to invade the meninges. Especially the pathogenesis of E. coli serotype
K1 has been studied deeply, which accounts for most cases of neonatal BM (Robbins
et al.,, 1974). This pathogen colonizes the surface of epithelial cells in genital or
gastrointestinal tract and enters the bloodstream afterwards (Vila et al., 2016). In the
bloodstream a capsule made of polysaccharides inhibits the attacks of immune
response thus protecting E. coli (Koedel et al., 2010).

E. coli binds to HBMEC through adhesion protein FimH and outer membrane
protein A (OmpA) and interacts with cluster of differentiation (CD) 48 and
endoplasmin, which exists in the surface of HBMEC, and then the pathogen invades
the HBMEC through cytotoxic necrotizing factor 1 (CNF1) and protein Ibe. CNF1
has an interaction with 40S ribosomal protein subunit A on HBMEC (Kim et al.,
2004). This compound is a 37-kilodalton laminin receptor protein, and it is presented
on the surface of the cells, and it has an essential function regarding adhesion. This
protein has been proven to be a target of many microorganisms, such as N.
meningitidis, S. pneumoniae, Hib, multiple viruses and even prion protein (Kim,
2010). CNF1 and Ibe interacts with actin cytoskeleton and causes rearrangements in
the host cell structures and activates multiple molecular signalling pathways (Kim,
2003). As an additional defensive mechanism, OmpA binds to complement C4
binding protein, which inhibits the lectin and classical pathways of the immune
system and therefore is a mechanism to avoid demolition (Mittal et al., 2011).

The invasion also includes the activation of focal adhesion kinase and its
associated cytoskeletal protein paxillin, phosphatidylinositol 3-kinase. Activation
and associations of these compounds are the requirements for the invasion of
HBMEC by E. coli KI (Kim, 2003). The Ras homolog gene family member A
activation is also required for the invasion of HBMEC, and here CNF1 plays a key
role (Doran et al., 2016). Finally, E. coli traverses as a live pathogen through the K1
capsule and penetrates across the BBB, which seem to be done by both transcellular
and paracellular ways (Kim, 2003, van de Beek et al., 2016, A).

After crossing the BBB, the pathogen multiplies in the subarachnoid space and
causes host inflammatory responses in the meninges. Traversing of E. coli Kl
through HBMEC as a live bacterium is associated with its ability to prevent
lysosomal fusion and avoidance of lysosomal enzymes (Kim, 2003). Next, these
reactions lead to pleocytosis, and increased permeability of the BBB affected by
several mediators, such as cytokines, tumour necrosis factor a (TNF-a) -converting
enzyme, platelet activating factor and caspases (Braun et al., 1999; Scheld et al.,
2002; van Furth et al., 1996). Interference with these mediators could be a target for
supplemental therapy for BM. However, previous studies have indicated that CSF
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pleocytosis and BBB permeability increase can occur independently, inducing
bacterial invasion of the meninges and neuronal injury (Kim, 2003).

2212 Streptococcus pneumoniae

S. pneumoniae colonizes the surface of epithelial cells in respiratory tract and
advances to bloodstream afterwards (Boegart et al., 2004). While in the bloodstream,
it survives partly because of polysaccharide capsules, which makes the bacteria anti-
phagocytic and the capsule acts as a shield defending the bacterial from complement
factors (Doran et al., 2016; Koedel et al., 2010). Additionally, pneumococcal surface
proteins and toxin called pneumolysin are involved in the inhibition of activation of
the complement. Bacterial autolysis releases pneumolysin, and it can activate
multiple complement pathways and confuse the complement aside from bacterial
surface (Ali et al., 2013). Pneumococci can also interact with factor H and thus
inhibit the activation of complement pathways. Pneumococcal surface protein A
plays an essential role in adhesion, which is essential for the pathogen to invade CSF.
This protein initially binds to laminin receptor, and when binding to wall of vessels
and travelling through BBB, interactions between cell-wall phosphorylcholine and
platelet-activating factor receptor happen, and it enables the internalization of
pneumococcus through intracellular invasion (Iovino et al., 2013, A).

2213 Neisseria meningitidis

N. meningitidis enters the bloodstream through colonization of respiratory
epithelium. There are six serogroups which are identified as causative agents in BM:
A, B, C,W-135, X and Y (Rouphael & Stephens, 2012). Similarly to S. pneumoniae,
also N. meningitidis has a protective polysaccharide capsule which shields the
pathogen from attacks of the immune system (Doran et al., 2016; Koedel et al.,
2010). Additionally, this pathogen can bind to factor H, which plays a key role in
alternative complement activation, resulting in decreased efficacy of immune
response (Lewis et al., 2013). OmpA plays a key role in adhesion of N. meningitidis
to HBMEC, and especially the interaction to laminin receptors (Orihuela et al.,
2009). Meningococcal pilus components pilin protein E and V mediate adhesion
with immunoglobulin CD147 on host cells (Bernard et al., 2014). After primary
adhesion, type IV pilus activates the f2-adrenoceptor which triggers the organization
of certain molecular compounds called cortical plaques in the underlying cells
cytoplasm, and this plaque formation is followed by actin polymerization, leading to
protrusions in membrane structures, which protects the bacteria from complement-
mediated lysis and opsonophagocytosis. These plaques also trigger the inter-
endothelial junctions to open which eventually leads to N. meningitidis traversal to
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CSF through paracellular route (Coureuil et al., 2010; Coureuil et al., 2014). Outer
membrane protein Opc, bonding to fibronectin is a key mediator with N. meningitidis
invading HBMECs, anchoring the pathogen to integrin receptor on the surface of the
cell (Unkmeir et al., 2002). Furthermore, meningococcal pili binds to CD46
molecule on the surface of HBMEC (Johansson et al., 2003).

2214 Group B Streptococcus

S. agalactiae, or GBS, engulfs itself also to polysaccharide capsules to ensure its
survival in the bloodstream (Doran et al., 2016; Koedel et al., 2010). This pathogen
possesses wide variety of virulence factors which causes interaction with brain
endothelium, such as hypervirulent GBS adhesin laminin-binding protein, bacterial
surface adhesin of GBS, streptococcal fibronectin-binding protein A and pilus
protein A (Doran et al., 2016; Doran et al. 2005; Tazi et al., 2010). Pilus protein A
can form bonds with collagen, which causes interactions with endothelial integrins,
and eventually leads to activation of focal adhesion kinase and other signalling
cascades which causes rearrangements of actin and bacterial uptake through
paracellular way (Banerjee et al., 2011).

This pathogen can also display sialic acid on its surface and therefore mimic
human cells, and eventually it can protect itself from complement attacks this way
(Carlin et al., 2009). Sialic acid can also decrease complement deposition, inhibit
complement component C5a, and interact with inhibitory immunoglobulin-like
lectins, which may damp platelet activation and endorse survival of the bacteria in
the bloodstream (Tavares et al., 2022). Clustered regularly interspaced short
palindromic repeats -associated protein 9 is a key regulator in the virulence of GBS,
as it regulates part of GBS genome including genes that code many virulence factors.
The protein also promotes interactions with host cells and plays a role in penetration
to the brain (Tavares et al., 2022). A serotype III GBS clone is almost solely
associated with meningitis and late-onset disease among infants because it possesses
hypervirulent characteristics (Joubrel et al., 2015; Tazi et al., 2010).

2.21.5 Acinetobacter baumannii

A. baumannii colonizes epithelial cells and internalizes via zipper-like mechanism,
and the pathogen resides in vacuoles in the host cell cytoplasm (Choi et al., 2008).
This pathogen possesses protein OmpA, which lays in the outer membrane of the
bacteria, and it is essential for bacterial adhesion to host cells, forming biofilms and
defending itself from complement attacks (Schweppe et al., 2015). OmpA also
targets mitochondria of host cells, which leads to release of mitochondrial protein
cytochrome C, and this compound eventually induces apoptotic cell death (Tiku,
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2022). OmpA is also most likely essential for developing multidrug resistance
features, because OmpA loss lowered minimal inhibitory concentrations of multiple
antibiotics (Smani et al., 2014).

2.2.1.6 Listeria monocytogenes

HBMEC invasion by L. monocytogenes happens via internalin B (Greiffenberg et
al., 1998), and crossover into the CNS through BBB is mediated with monocytes and
myeloid cells infected with L. monocytogenes (Greiffenberg et al., 1998; Join-
Lambert et al., 2005). Endoplasmin acts as a cellular receptor for L. monocytogenes
gene Vip, which have a role in the infection of brain tissue in mice (Cabanes et al.,
2005).

2217 Staphylococcus epidermidis

S. epidermidis is an opportunistic pathogen and a common causative bacteria in
nosocomial meningitis, related especially to neurosurgical devices such as
ventriculoperitoneal shunts (Noguchi et al., 2018). The pathogen enters the CNS
usually directly from the patient’s skin or the hands of the health care professionals
(Noguchi et al., 2018). S. epidermidis has multiple virulence factors, such as cysteine
proteinases and lipases and it can also produce delta toxin and form biofilms on the
surfaces of foreign devices (Azimi et al., 2020). This pathogen can express multiple
resistance genes and therefore it often causes antibiotic-resistant infections, which
has made this pathogen difficult to eradicate and an increasing problem (Azimi et
al., 2020). The continuing challenge is to distinguish if S. epidermidis is a causative
pathogen in BM or just a contamination (Zheng et al., 2020).

2.2.2 Mediators of neuronal injury in bacterial meningitis

Necrotic cortical injury and apoptotic hippocampal injury are the two types of
neuronal injury predominant in patients with BM (Braun et al., 1999; Nau et al.,
1999). In experimental models, apoptosis is considered to happen through caspase-
dependant or mitochondrial cytochrome C -induced signalling events, and the scope
of these reactions depend on the causative bacteria and the time after infection
(Gerber et al., 2010; Weber et al., 2007). The mechanisms explain partly the quite
common neurological sequelae after BM, such as memory difficulties and learning
problems. Multiple different reactive oxygen species seem to act as key mediators to
neuronal injury, but the exact mechanisms may vary between different bacteria
causing BM (Kim, 2003). The higher the concentration of bacterial products are
present in CSF, the poorer the neurological outcome seem to be in BM caused by E.
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coli, S. pneumoniae and Hib, and elevated levels of inflammatory markers such as
interleukin 1-beta have been associated with unfavorable outcome in children with
BM (McCracken et al., 1974; McCracken et al., 1989; Mertsola et al., 1991; Mustafa
et al., 1989; Schneider et al., 1999).

Matrix metalloproteinases (MMPs) are compounds which contribute to reactions
resulting increased permeability of BBB. Especially increased amount of MMP9
have been reported in CSF with patients suffering from BM (Paul et al., 1998). These
compounds are responsible for degradation of compounds in the extracellular matrix.
MMP inhibitor batimastat had an effect of significant reduction of BBB disruption
in rats with meningococcal meningitis but did not reduce the levels of pleocytosis in
the CSF (Paul et al., 1998).

Excitatory amino acids are molecules, which take part in neuronal injury in BM.
One of them, glutamate, has been shown to be indicator of unfavorable clinical
outcome after BM and glutamate has also been shown to be present in animal models
(Perry et al., 1993; Spranger et al., 1996).

Certain types of vasoconstrictors, endothelins, are found in different sized
arteries. Increased amount of endothelins have been detected in CSF during BM and
are proposed to be an essential factor in cerebral hypoperfusion associating with BM
(Koedel et al., 1997). Brain injury seems to be partly mediated by vasculitis and other
types of pathological modifications of the vascular structures (Schaper et al., 2002;
Vergouwen et al., 2010).

It is required that pathogens also intake iron to ensure replication of
deoxyribonucleic acid (DNA), generate energy, and enable efficient metabolism and
transcription, which is essential to survive in the extracellular environment (Sheldon
etal., 2016).

2.3 Community-acquired bacterial meningitis

BM can be obtained spontaneously from community and out of hospital, and that
form of BM is called community-acquired BM. The incidence of community-
acquired BM in adults is estimated to be between 0.6-4/100 000/year in developed
countries and 1.3/100 000/year in Finland in 2017 (Matulyte et al., 2020; Polkowska
et al., 2017). However, in developing countries the incidence can rise to 1000/100
000 cases due to local epidemics (Erdem et al., 2017; Gessner et al., 2010; Hasun et
al.,, 2017; Koelman et al., 2021). In Sweden between 1964-2014, community-
acquired BM was the most common form with percentage of 86% of all BM detected
(Block et al., 2022). Almost similar rate of 84% were found in a recent study from
United States of America (Kiyani et al., 2021).

One of the most important aspects on the diagnosis of BM is to differentiate
aseptic or viral meningitis from BM. Many algorithms has been proposed, but the
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golden-standard method, analysis of CSF via bacterial culture is essential in
differentiating BM from other forms of meningeal infections (Brouwer et al., 2012;
Nigrovic et al., 2007; van de Beek et al., 2016, A). Gram staining of CSF is also a
validated and fast method to identify bacteria in the CSF (Brouwer et al., 2010). CSF
culture is positive in approximately 43—85% of patients with BM (Hasanuzzaman et
al., 2021; Heckenberg et al., 2014). Latex agglutination testing of CSF is also an
option to detect pathogens in CSF, but with rather uncertain sensitivities varying 59—
100% and 22-93% regarding whether there is pneumococcal or meningococcal
meningitis, respectively (Brouwer et al., 2010). Immunochromatographic testing of
antigens in CSF has been shown sensitivities and specifities of near 100% in studies
with pediatric BM caused by S. preumoniae, but false-positive results has presented
problems due to other species of streptococcus (Brouwer et al., 2010; Saha et al.,
2005; van de Beek et al., 2016, B).

The most typical symptoms of BM in adults are headache, fever, decreased level
of consciousness and neck stiffness (Bijlsma et al., 2014, A). The proportion of the
“classical triad” (fever, altered consciousness and neck stiffness) is reported to be
present in 41%, minority of patients (van de Beek et al., 2004, B). Many neurological
symptoms such as seizures, paresis and aphasia are also possible symptoms of BM
(Bijlsma et al., 2016). Petechial rash is often associated with meningococcal or
pneumococcal BM (Nigrovic et al., 2008; Vasilopoulou et al., 2011).

Neck stiffness, Brudzinski sign, and Kernig sign are possible clinical
manifestations of BM, however the sensitivity is not very high (Thomas et al., 2002).
Kernig sign is positive when there is pain in knee extension when simultaneously the
hip and knee are at 90 degree angles, and Brudzinski sign is positive when knees
reactively flex when neck is flexed (Fitch et al., 2007). Neck stiffness, however, may
occur with many other benign conditions, and it is important to recognize that there
are substantial neck stiffness only when neck flexion causes considerable pain and
the chin cannot touch the chest (Fitch et al., 2007; van de Beek et al., 2016, A).

The pre-diagnostic administering of antibiotics may decrease the identification
of causative bacteria by at least 30% (Corless et al., 2001). Sterilization of CSF may
happen only hours after administration of antibiotic therapy. N. meningitidis may be
sterilized from CSF in two hours and S. preumoniae after four hours after parenteral
antibiotic therapy is initiated (Kanegaye et al., 2001). However, in urgent medical
situations such as treating patients with suspected BM or in suspected case of sepsis,
the immediate administration of antibiotics remains essential, sometimes before the
necessary diagnostic tests, until the yield of CSF culture is negative (Brouwer et al.,
2010; Sherwin et al., 2017).

Multiplex and quantitative PCR of CSF has been shown to be faster, more
sensitive and more specific for diagnosing BM compared to culture method, thus its
use has been rapidly increasing (Brouwer et al., 2012; Hasanuzzaman et al., 2021).
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Multiplex PCR has a specificity of 95-100% when simultaneously detecting DNA
of N. meningitidis, H. influenzae and S. pneumoniae according to a study by Corless
et al. in 2001. PCR tests may detect the pathogen when CSF cultures are negative,
being a valuable asset in diagnosing BM (van de Beek et al., 2016, A). However,
PCR tests does not provide information on bacterial antimicrobial susceptibility
characteristics. Blood cultures can also be used to identify bacteria causing BM, and
even in 50-80% of cases the cultures are positive in blood while simultaneously
causing inflammation in the meninges (Brouwer et al., 2010).

In order to obtain CSF, a lumbar puncture is needed. Suspected elevated
intracranial pressure is often needed to be ruled out before the puncture, because of
the risk of possible cerebral herniation, and the exclusion of this condition may
require computed tomography (CT) scan (Fitch et al., 2007). Additionally,
significant  thrombocytopenia and other coagulation deficiencies are
contraindications for this procedure (van de Beek et al., 2006, A).

Typical presentation of a CSF sample in BM includes pleocytosis with high
percentage of polymorphonuclear leukocytes, elevated levels of protein and low
concentration of glucose, and at least one of these three markers are presented in
96% of the patients with community-acquired BM (Bijlsma et al., 2016; Brouwer et
al., 2012). Increased level of lactate in CSF are often presented in BM, and this test
provides additional information on differential diagnosis between BM and other
forms of meningitis (Brouwer et al., 2012; Hussein et al., 2017).

Procalcitonin (PCT) and C-reactive protein (CRP) are both inflammatory acute-
phase proteins, which play an important role in BM and serum testing of both of
these markers have proven to be of a strong diagnostic value in differentiating BM
from viral meningitis, where elevated PCT and CRP values prefer the diagnosis of
BM (Brouwer et al., 2012; van de Beek et al., 2016, A)

Most common causative pathogens of community-acquired BM are S.
pneumoniae and N. meningitidis, the first being most found in patients below five
years of age and over 65 years of age and the latter in adolescents and adults (Bijlsma
etal., 2014, A; Brouwer et al., 2010; Thigpen et al., 2011).

The meningitis belt — a sub-Saharan region from Senegal to Ethiopia — is known
for meningococcal epidemics with almost 1% of the population suffering from the
disease in the most unfortunate outbreaks for over a century (MclIntyre et al., 2012).
Outbreaks occur normally in the beginning of dry season in January and ends in May
or June when the rainy seasons begin (Sridhar et al., 2015). Fortunately, the success
of meningococcal vaccinations has reduced the incidence in the recent years (Daugla
etal., 2014).

Thirteen different subgroups of N. meningitidis have been identified, and the
most virulent groups are serotypes A-C and W-Y (van de Beek et al., 2016, A). N.
meningitidis serotype C seems to be the most common type of meningococci causing
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BM in both adults and children (Bijlsma et al., 2014, A). Serogroups considering S.
pneumoniae have reached the number of at least 94, and latest vaccinations cover
the most important serotypes worldwide (Johnson et al., 2010). However, serotype
replacement has been seen lately in the countries where the pneumococcal conjugate
vaccination is implemented, where new non-vaccinable serotypes emerge, which
remains a continuous problem (Polkowska et al., 2021).

Hib was previously a prominent causative pathogen of community-acquired BM,
but efficient vaccinations caused a rapid and notable decline in the incidence
(Koelman et al., 2021; Schlech et al., 1985). In Netherlands, incidence of BM caused
by Hib was declined from 1.44 to 0.04 episodes per 100 000 population per year
(Koelman et al., 2021).

GBS and E. coli are the main causative agents of BM in infants and children
(Lingani et al., 2015; Mijovic et al., 2019). GBS also include multiple serotypes, of
which serotype III is reported to be the most common to cause BM in newborns
(Lingani et al., 2015).

E. coli causes BM most commonly in newborns and elderly patients (Brouwer et
al., 2010). There are also dozens of different serogroups of E. coli, but serotype K1
has been the most predominant form causing even 80% of BM in newborns (Kim,
2003).

L. monocytogenes is a food-borne pathogen causing sepsis or BM usually with
individuals who have impaired immune systems, for example, after treatments of
cancer (Brouwer et al., 2010; Costerus et al., 2016). This pathogen is usually found
in patients over 60 years of age (van de Beek et al., 2016, B).

Several prediction models of BM have been in development, especially in
pediatric patients. None of these models have provided 100% sensitivity in cohorts,
and a key limitation of these models are that they focus on differentiating between
bacterial and viral meningitis, but in clinical setting many other diagnoses need to
be considered (van de Beek et al., 2016, B). According to European Society of
Clinical Microbiology and Infectious Diseases (ESCMID) guidelines from 2016,
clinical judgement is essential when considering whether to treat suspected BM
patients, not diagnostic algorithms.

24 Nosocomial bacterial meningitis

Nosocomial BM consists of BM acquired during hospital stay or after discharge from
hospital, as a complication of a neurosurgical or surgical procedure, or head trauma,
and the incidence has been reported to vary between 14-73% of all BM detected
(Block et al., 2022; Davis, 2018; Durand et al., 1993; Kiyani et al., 2021; van de
Beek et al., 2016, A). The proportions of nosocomial BM has been rising due to
conjugate-vaccinations (Block et al., 2022; Durand et al., 1993; Sunwoo et al., 2021).
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PNM is a subtype of nosocomial BM, and it is a major complication after
neurosurgical procedure. PNM causes notable morbidity and mortality, potentially
unfavorable impacts on patient survival, and prolongs treatment periods, causes
more costs, and delays postoperative treatments, for example chemotherapy or
radiotherapy (Hussein et al., 2017; Reichert et al., 2002; Salle et al., 2021). The
incidence of PNM has been estimated to be 2-9% (Hussein et al., 2017; Kourbeti et
al., 2015; Reichert et al., 2002). PNM can occur after craniectomy, craniotomy, or
after insertation of lumbar or ventricular catheters (Hussein et al.,, 2017).
Administering prophylactic antibiotics have been proven to decrease superficial and
deep infections during neurosurgery, and the antibiotics are mainly targeted against
gram-positive pathogens (Jackson et al., 2016; Robinson & Busl, 2019). In
neurosurgical units in Finland this practise is applied in intensive care where patients
receive prophylactic antibiotics constantly when ventriculostomy is in place in the
brain, which is proved to be effective in prevention of infections (Sonabend et al.,
2011).

Magnetic resonance imaging (MRI) of suspected patients with PNM is often
needed to exclude complications, such as hydrocephalus, brain abscess or empyemas
(Hussein et al., 2017). However, cranial imaging has shown to delay the antibiotic
therapy, and is thus associated with unfavorable outcomes (Proulx et al., 2005).
Therefore the following criteria for the imaging with brain CT of BM patients are
suggested to implement in clinical practise: focal neurological deficits excluding
cranial nerve palsies, seizures, Glasgow Coma Scale below 10 points or severely
immunosuppressed patients (van de Beek et al., 2016, B).

In a case of PNM associated with catheter or other intracranial devices, the
removal of the item is recommended along with appropriate antibiotic therapy,
although careful consideration of possible risks associated with reoperative
neurosurgery should be performed (van de Beek et al., 2010, B). According to a
recent study, the mortality associated with nosocomial meningitis was approximately
10%, but with studies performed with critically ill patients, the mortality rate was
even 37% (Sunwoo et al., 2021; Valdoleiros et al., 2022).

The pathogens causing PNM usually enters CNS directly via CSF during a
neurosurgical operation, and the likelihood of an infection to occur is increased if
there is a CSF leakage from the wound (Kourbeti et al., 2015). The causative
pathogens differ significantly from those of community-acquired BM. S. aureus and
S. epidermidis have been the predominant pathogens causing nosocomial meningitis
previously, but recently the proportions of A. baumannii, K. pneumoniae and E. coli
has been rising (Kurtanan et al., 2018; Robinson & Busl, 2019; Valdoleiros et al.,
2022). In 2022, Panic et al. found that A. baumannii, with resistance to carbapenem,
was the most common pathogen of nosocomial CNS infections. Pathogens causing
nosocomial BM often possess multidrug resistance characteristics and are thus more
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challenging to overcome (Ippolito et al., 2022). Nosocomial meningitis, caused by
multidrug resistant gram negative pathogens, causes more complications and are
associated with higher rate of mortality compared to non-resistant pathogens (Sari et
al., 2021).

A. baumannii is often highly resistant to many antibiotics, and it causes often
serious nosocomial infections, and the proportions of this pathogen have been rising
(Tiku, 2022). This notorious bacteria is known to endure disinfection and it forms
sturdy biofilms within the host and hospital surfaces (Hassan et al., 2013; Tiku,
2022).

CSF culture is also a gold-standard method for diagnosing nosocomial
meningitis, but in this case the culture needs at least 10 days to be comprehensively
informative on pathogens’ growth. Additionally, it is recommended, if possible, to
culture the surface of neurosurgical intracranial items, such as shunts or drains, to
gain additional knowledge of a possible pathogen. If there is a positive CSF culture
in the absence of symptoms or other CSF inflammatory markers, a contamination
should be suspected (Ippolito et al., 2022).

With almost all neurosurgical patients receiving antibiotics pre-diagnosticly,
there have been reports that the CSF culture positivity rate in PNM could vary
between 10-30% (Chen et al., 2014; Valdoleiros et al., 2022). Patients are often
sedated or unresponsive after neurosurgical procedure, so the clinical assessment is
difficult considering whether a patient has BM symptoms or not. Fever and
decreased mental status are found to be common signs of patients with PNM
(Valdoleiros et al., 2022; van de Beek et al., 2010, A). In addition, laboratory markers
which are used for indicating BM are often, at least minorly, elevated due to
neurosurgical operation itself, which makes the diagnosis of PNM difficult
(Valdoleiros et al., 2022). PCR methods are valuable assets for more rapid and
efficient detection of pathogens causing nosocomial meningitis (Ippolito et al.,
2022).

Aseptic meningitis presents a challenge to differentiate from bacterial
nosocomial meningitis. CSF lactate level over four millimoles per liter favors
meningitis of a bacterial origin, and it has been shown to be a useful tool in this
regard according to a recent study by Stephani et al. in 2021. However, CSF lactate
levels are elevated also by brain ischemia, trauma, or seizures, which should be noted
(Ippolito et al., 2022). PCT levels in CSF are also elevated in nosocomial meningitis,
and it may be useful for differentiating between PNM and surgical operations only
(Ippolito et al., 2022). A longitudinal study from the United States found that costs
related to treatments and hospital stays in nosocomial BM were two times higher
two years after the diagnosis compared to community-acquired BM, but this
economical difference was not seen at early stage after 90 days after BM (Adil et al.,
2021).
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2.5 Bacterial meningitis in infants and children

BM is the tenth most common cause of mortality in children below five years of age
worldwide (Koelman et al., 2021). The incidence of BM among infants and children
in Finland is reported to vary between 0.8—11/100 000/year, the lowest incidence
among children 5-17 years of age and the highest among infants below two months
of age (Polkowska et al., 2017). In Sweden, the incidence has been reported to be
1.9-3.4/100 000 in infants and children (Johansson Kostenniemi et al., 2019). The
highest incidence rate was reported among infants and lowest among older children.
The incidence of neonatal BM has been around 0.3/1000 live births in developed
countries and 3—6/1000 in developing countries (Ku et al., 2015). GBS and E. coli
have been identified as the most common causative pathogens causing BM in
infants from 0 days to 89 days of age, and S. pneumoniae and N. meningitidis have
dominated the bacterial etiology in children aged over 90 days and adolescents
(Koelman et al., 2021; Mijovic et al., 2019).

Early-onset BM is defined to occur between 0—6 days of life and late-onset
between 7-89 days of age (Delara et al., 2023). In early-onset BM the infection is
mainly occurring through vertical transmission from mother to neonate through birth
canal, and in late-onset BM it is usually horizontal from person to person or through
activation of previously colonized bacteria such as GBS (Berardi et al., 2021; van de
Beek et al., 2016, B). Newborn infants are susceptible to serious bacterial infections
due to their immature and undeveloped innate and adaptive immune systems.
Additionally, the innate cytokine response against bacteria may be insufficient or
even overwhelming in this group of patients, and this phenomenon has been
associated with a more serious clinical presentation of disease (Yu et al., 2018).

The clinical presentation of BM in neonates is quite nonspecific and therefore
presents challenges. The symptoms include irritability, hypotonia, problems in
feeding, lethargy, decreased mental status, diarrhea, bulging fontanelle and troubles
in breathing (Brouwer et al., 2010; Swanson, 2015; Tavares et al., 2022). More
inflammation-specific symptoms such as fever and seizures may also occur, and with
older children the more typical clinical symptoms such as neck stiffness, headache,
vomiting, and photophobia (Kim, 2010; van de Beek et al., 2016, B). Petechial rash
can be also present in meningococcal or pneumococcal BM in children (Nigrovic et
al., 2008; Vasilopoulou et al., 2011).

The diagnosis of BM in newborns presents challenges, because it cannot be ruled
out by clinical examination only, and therefore a low threshold to perform lumbar
puncture should be preferred (van de Beek et al., 2016, B). Additionally, CSF may
present normal number of leukocytes (Garges et al., 2006). Blood culture and culture
of CSF are the fundamental diagnostic methods to detect BM, but even with negative
cultures there may be ongoing infection of the meninges, because prediagnostic
antibiotic administration may decrease the amount of bacteria below the detection
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radar, causing a false-negative culture result (Tavares et al., 2022). BM is often
associated with sepsis in neonates (Grandgirard & Leib, 2010).

Cranial ultrasound has been proven to be a useful tool to rule out complications
of BM among infants, and it proves an additional asset also in diagnosing BM, where
abnormal ultrasound identifications were observed in 65% of infants with BM
(Yikilmaz & Taylor, 2008). Cranial ultrasound can detect widening of brain sulci
and meningeal thickening, which are signs of inflammatory exudate accumulating in
the brain (Yikilmaz & Taylor, 2008). MRI is also an efficient way to detect
meningitis-related changes, such as pachymeningeal or leptomeningeal
intensifications, because Oliveira et al. found in 2014 that 81% of patients with
culture-confirmed BM presented these changes. MRI is used also to rule out
complications, but the method can also be costly, time-consuming and often requires
anesthesia of an infant (Tavares et al., 2022).

The gastrointestinal tract colonization of causative bacteria, such as E. coli, GBS
and L. monocytogenes, most likely plays a role in late-onset meningitis, and
additionally, GBS is usually transmitted from mother to newborn (Doran et al., 2016;
Edwards et al., 2016). Asymptomatic bacteriuria of mothers may be another possible
site of colonization of the infant (Whiteside et al., 2015). Nosocomial transmission,
nonmaternal caretakers and even infected milk has also been suggested as a
transmission pathway of the infection in newborns (MacFarquhar et al., 2010;
Salamat et al., 2014; Ueda et al., 2018).

E. coli is a common pathogen causing neonatal BM, and the mortality is reported
to be 20-29%, and incidence among live births 0.1/1000 (Bonacorsi & Bingen,
2005). Most of these infections happen earlier than 28 days of life, and around 10%
develop between one and three months of age (Okike et al., 2014; Unhanand et al.,
1993).

According to Vila et al. in 2016, E. coli has surpassed GBS as the most common
causative pathogen of neonatal sepsis and meningitis, especially in countries where
GBS prophylactic guidelines have been implemented. However, even more recent
review by Tavares et al. 2022 stated that GBS remains the most frequent causative
pathogen of BM in neonatal period.

S. pneumoniae has also been reported as a common causative pathogen of BM
in childhood, and according to some studies it may cover over a third of all BM in
infants and children (Thigpen et al., 2011).

2.6 Prevention

BM is partly a disease which can be prevented by different measures, and vaccines
play the most important role here (McIntyre et al., 2012). Hib conjugate vaccines has
reduced significantly the incidence of BM caused by Hib from 1.44 to 0.04 episodes
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per 100 000 population per year, with even 97% reduction rate according to Koelman
et al. in 2021. Pneumococcal conjugate vaccines target several different serotypes
that are most likely to cause severe pneumococcal infections (van de Beek et al.,
2016, A). Implementation of the 7-valent pneumococcal conjugate vaccine in the
United States caused a 59% reduction in the incidence of pneumococcal BM in
children from 96/100 000 to 40/100 000/ year (Whitney et al., 2003). Also, the 13-
valent pneumococcal vaccine was efficient in preventing severe pneumococcal
disease in elderly adults (Bonten et al., 2015). In Finland, the implementation of a
10-valent pneumococcal conjugate vaccine has decreased the incidence of
pneumococcal meningitis efficiently: 0.19 to 0.09 episodes per 100 000 population
per year (54%) among 5-17 aged children and 2.35 to 0.84 episodes per 100 000
population per year (64%) in children between ages 0—4 (Polkowska et al., 2021).
The wide usage of pneumococcal vaccinations has led to serotype replacement,
where non-vaccine serotypes have been emerging as a causative agents of BM
(Polkowska et al., 2021). After pneumococcal BM or with surgical patients with CSF
leakage with the dural barrier reformations, it is recommended for the individual to
be administered with pneumococcal conjugate vaccine (van de Beek et al., 2016, B).

Meningococcal vaccinations are used for the prevention of meningococcal
diseases, but the policy varies regarding the country (van de Beek et al., 2016, A).
Meningococcal group C vaccination has significantly decreased the incidence of N.
meningitidis BM with 93% decrease between 1989-1993 and 20142019 (Koelman
et al., 2021). The vaccinations against N. meningitidis are recommended by the
World Health Organization for especially to inhabitants in meningitis belt countries
(van de Beek et al., 2016, A).

Many guidelines recommend general screening for colonization of GBS from
recto-vaginal areas during pregnancy at 35-37 weeks of gestation, and intrapartum
antibiotic prophylaxis is administered for patients with positive tests. Antibiotics,
usually penicillin G or ampicillin, are most effective if administered approximately
four hours before labour (ACOG committee members, 2020). This procedure has
shown to diminish the incidence of neonatal early-onset GBS meningitis in the
United States (Simonsen et al., 2014). However, this measure could lead to a possible
increase of other pathogens such as E. coli and an increase in antimicrobial resistance
(Lin et al., 2011; Sgro et al., 2011). Additionally, vaccinations against GBS are in
development, and are urgently needed for use in pregnant women to protect infants
from late-onset GBS disease through transplacental antibody transfer (Delara et al.,
2023; van de Beek et al., 2016, A). Neonatal BM has proven to be a challenge in
terms of prevention, because maternal intrapartum antibiotic prophylaxis has not
been shown to be effective in prevention of late-onset GBS disease (Delara et al.,
2023).
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It is recommended that individuals who have been in close interaction with a
patient suffering from meningococcal meningitis are administered prophylactic
antibiotics, because the risk of transmission is 400-800 fold increased (van de Beek
et al., 2016, B; Zalmanovici et al., 2013). In these cases, ceftriaxone, rifampicin or
ciprofloxacin should be administered to risk contacts (van de Beek et al., 2016, B).
Prophylactic antibiotics have also been shown to significantly decrease the incidence
of superficial and deep infections, administered at the beginning of neurosurgery
(Jackson et al., 2016). Prophylactic antibiotics are also used in intensive care units
while ventriculostomy is present in the brain (Sonabend et al., 2011). In addition,
antimicrobial-impregnated devices are recommended in neurosurgery to prevent
PNM (Atkinson et al., 2016).

Patients ongoing glioma surgery in Turku University Hospital receive routinely
cefuroxime 3 grams intravenously in the operation room before the start of surgery.
The skin is cleaned with chlorhexidine. Patients who do not tolerate or have
suspected allergy towards cefuroxime, intravenous clindamycin 600mg is used as a
prophylaxis instead. The skin is closed with antibacterial sutures and hooks.

Neonatal nosocomial infections may be prevented, to some extent, by probiotics,
breastfeeding and standardized infection prevention protocols in neonatal
departments (Deshmukh & Patole, 2021).

The Finnish national vaccination programme has provided children the 10-valent
pneumococcal conjugate vaccine at the ages of three, five and 12 months, since 2010.
This vaccine covers S. pneumoniae serotypes 1,4, 5, 6B, 7F, 9V, 14, 18C, 19F and 23F.
Hib vaccines have been given at the similar ages since 1993. Meningococcal vaccines
are not part of the Finnish national vaccination programme for children.

13-valent pneumococcal conjugate vaccination has been recommended to adults
with stem cell transplants since 2014, and the recommendations expanded in 2022 to
cover adults with severe kidney disease, and severely immunosupprimed patients under
75-years of age and additionally asthma and chronic pulmonary obstructive disease -
patients over 65 years of age in 2023. The vaccine covers S. pneumoniae serotypes 1,
3,4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F and 23F (Finnish institute for health
and welfare, https://thl.fi/en/topics/infectious-diseases-and-vaccinations/vaccines-a-to-
z/pneumococcal-vaccines/pneumococcal-conjugate-vaccine-pcv).

2.7 Treatment

Considering the severity and mortality related to BM, treatments should be
administered at the time of suspicion, before the diagnosis can be confirmed, and the
time period between the diagnosis and antibiotic administration should not exceed
one hour (van de Beek et al. 2016, B). Numerous tests should be done in a swift
manner; blood tests relating to infection, blood cultures, CSF samples as CSF
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leukocytes, protein, glucose, lactate, and CSF culture, and if possible PCR for
bacterial nucleic acid detection in CSF (Brouwer et al., 2012; Hasanuzzaman et al.,
2021; van de Beek et al., 2016, B). Antibiotic treatment should be started if necessary
even before imaging, because delays may have unfavorable impacts regarding the
outcome (McMillan et al., 2001).

The choice of the primary antibiotic regimen to treat BM should consider the
knowledge of local epidemiology, especially the resistance patterns of S.
pneumoniae, and age, status of immunosuppression and allergies of an individual
being treated for BM (van de Beek et al., 2012; van de Beek et al., 2016, A).
Administering antibiotics via constant infusion or bolus have not been yet studied
profoundly to give recommendations (van de Beek et al., 2016, B).

ESCMID recommends a third-generation cephalosporin, ceftriaxone or
cefotaxime, with simultaneous vancomycin primarily for the treatment of BM;
however, in certain countries where the prevalence of cephalosporin-resistant S.
pneumoniae is below 1%, treatment with ceftriaxone only is sufficient (Tunkel et al.,
2004; van de Beek et al., 2016, B). There has also been growing number of penicillin
resistant S. pneumoniae strains recently in Europe (van de Beek et al., 2016, B).

L. monocytogenes presents resistance to cephalosporins, and therefore ampicillin
or amoxicillin should be administered usually along with other antibiotics to all
suspected immunosuppressed patients with BM, for example neonates, patients over
50 years and pregnant women (van de Beek et al., 2012; van de Beek et al., 2016,
A). The role of gentamicin remains controversial, as a study from 1998 by Mylonakis
et al. presented that gentamicin may reduce the mortality of listerial meningitis, but
a more recent study from 2011 by Mitja et al., showed that gentamicin may, on the
contrary, increase mortality and the rate of kidney injury.

When treating an infant for neonatal BM, the treatment should cover especially
GBS and E. coli (Brouwer et al., 2012). Considering infants, combination of
ampicillin and gentamicin or cefotaxime should be used until further findings from
CSF or blood and the possible susceptibility results (Nelson, 2019). Ceftriaxone
should be chosen when suspecting meningococcal meningitis (Harcourt et al., 2015).
When, and if, the causative bacteria with its antimicrobial susceptibility patterns
have been detected, should the antibiotic therapy be optimized accordingly (van de
Beek et al., 2016, A).

Duration of antibiotic therapy is recommended to be 7-10 days for
meningococcal meningitis or H. influenzaec meningitis, 10-14 days for
pneumococcal meningitis and 21 days for listerial meningitis (Tunkel et al., 2004;
van de Beek et al., 2016, B; van de Beek et al., 2012). Interestingly, there were no
statistically significant differences regarding efficacy and safety between 5-day
versus 10-day ceftriaxone treatments with children (Molyneux et al., 2011). When
treating an infant with BM, the duration of antibiotic therapy should be 14-21 days
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(Tavares et al., 2022). When treating nosocomial meningitis, duration of antibiotic
therapy up to 21 days is recommended in case of gram-negative bacilli. When
treating BM caused by S. aureus, flucloxacillin or oxacillin or a combination therapy
including rifampicin is recommended, and vancomycin with methicillin-resistant S.
aureus, and if the pathogen is vancomycin-resistant, linezolid may be effective
(Ippolito et al., 2022; van de Beek et al., 2016, B). Rifampicin is recommended in
combination with other antibiotics to patients with intracranial devices and
staphylococcal infections (Ippolito et al., 2022). Endocarditis or spinal abscesses
should be suspected when staphylococcal meningitis is detected (Brouwer et al.,
2009).

Intraventricular or intrathecal administration of antibiotics are methods to treat
BM in cases where the patient is not responding adequately to intravenous therapy,
and especially in CNS infections by Acinetobacter species, which are often
nosocomial (Nau et al., 2020; Tunkel et al., 2017). In these occasions, the
concentrations of antibiotics should be monitored and titrated closely to maintain
adequate levels to efficiently treat the infection (Tunkel et al., 2017). Intraventricular
or intrathecal colistin may be the only suitable choice of treatment for multidrug
resistant bacteria, despite its possible adverse effects, such as seizures (Perez-Alba
et al., 2020; Tsimogianni et al., 2017). Intrathecal vancomycin may also be used
(Tsimogianni et al., 2017). According to a study by Kizilates et al. in 2021,
intrathecal administration of antibiotics such as amikacin, colistin or gentamicin, in
case of carbapenem-resistant gram-negative bacteria, was found to be beneficial.
Although the administration of antibiotics via these methods may present risks, the
systemic side effects compared to intravenous antibiotic therapy is usually reduced
(Sari et al., 2021). According to a recent meta-analysis, the morbidity related to
intraventricular or intrathecal antibiotic usage was 13%, consisting of mainly aseptic
meningitis and seizures (Brotis et al., 2021).

The severity and remaining significant mortality of BM, regardless of antibiotic
therapies, has led to studies investigating possible adjunctive therapies to treat BM.
Therapeutic hypothermia, paracetamol and glycerol, for example, have been studied
for this purpose but with inconclusive or even adverse results (Molyneux et al., 2014;
Mourvillier et al., 2013; Pelkonen et al., 2011).

Dexamethasone, in addition to antibiotic treatment, has been shown to reduce
adverse outcomes and mortality in children and adults, especially in cases of
pneumococcal meningitis (Brouwer et al., 2015, de Gans & van de Beek, 2002).
Dexamethasone should be provided before or with the first dosage of antibiotics in
order to inhibit the inflammatory response resulting from bacteriolysis by antibiotics
(de Gans & van de Beek, 2002; Nguyen et al., 2007). A comprehensive study found
that dexamethasone mainly decreased mortality in pneumococcal meningitis by
preventing systemic complications (van de Beek & de Gans, 2004). Furthermore,
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some studies have found that corticosteroids may reduce the rate of hearing loss and
neurological sequelae, but not mortality (Brouwer et al., 2015; van de Beek et al.,
2010, B; van de Beek et al,. 2004). Interestingly, corticosteroid administration had
no favorable effects with individuals from low-income countries, possibly because
of late administration of corticosteroids (van de Beek et al., 2010, B). After all,
dexamethasone is the only approved adjunctive therapy for BM according to
ESCMID and Infectious Diseases Society of America guidelines for adults and
children but not for neonates (Tunkel et al., 2004; van de Beek et al., 2016, B). The
recommended doses are 10 mg four times a day with adults and 0.15 mg per kilogram
four times a day with children (van de Beek et al., 2016, B).

Adjunctive dexamethasone therapy should be administered along or even before
antibiotic therapy and continued for four days with children and adults, and
especially if patients suffer from sepsis or septic shock (van de Beek et al., 2006, B;
van de Beek et al., 2016, B; van de Beek et al., 2012). However, if the diagnosis of
BM is unsure or the causative bacteria is other than S. pneumoniae or H. influenzae,
dexamethasone treatment may be beneficial to suspend (van de Beek et al., 2016, B).

2.8 Complications and outcome

Seizures, brain infarctations and hydrocephalus are possible complications of BM
among all ages (Tavares et al., 2022; van de Beek et al., 2006, A). A study by
Lindvall et al. in 2004 presented that an eye should be kept on intracranial pressure
with head CT scans and if necessary to administer corticosteroids, osmotic diuretics
and ventriculostomy if hydrocephalus is detected, decompressive craniectomy is
needed when there is a need to lower uncontrollable intracranial pressure. However
a more recent paper stated that these treatments may be unbeneficial or even harmful
to patients (Brouwer et al., 2016). With meticulous patient selection, it is
nevertheless recommended to implement intracranial pressure monitoring if there is
a suspicion of brain herniation and elevated intracranial pressure, and if necessary,
to apply osmotic therapy, repeat lumbar punctures or implement an external lumbar
drain to decrease intracranial pressure (van de Beek et al., 2006, B; van de Beek et
al., 2016, A). The rate of hydrocephalus was reported to be around 5% , but more
recently a pediatric study found that the rate of this complication may be even 20—
28% (Adil et al., 2021; Kasanmoentalib et al., 2010).

Sinovenous thrombosis presents another dangerous complication of BM
(Tibussek et al., 2015). If a patient is not starting to recover via appropriate antibiotic
therapies and the parameters of infection increases or does not decrease, imaging of
the brain and the head should be considered to rule out brain abscess, which had an
incidence of 9% in pediatric population after BM (Adil et al., 2021). Neonatal
encephalopathy, often related to GBS meningitis, is a clinical presentation associated
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with significant mortality and long-term impairment of the child, which can be
detected using brain imaging methods (Gunn & Thoresen, 2019; Tann et al., 2017).

There is evidence that even in seemingly poor state of a patient the treatments
should be continued if an individual presents with preserved brainstem reflexes,
because the possibility of survival and recovering is notable (Muralidharan et al.,
2014). Even 20% of totally unresponsive patients with a Glasgow Coma Scale score
of three are reported to make a full recovery, highlighting the need for continued
supportive treatment (Lucas et al., 2014).

Risk of neurological sequelae, such as epilepsy, cerebral palsy, hearing loss and
cognitive impairment, is reported in about half of the survivors of BM and especially
with individuals suffering from pneumococcal meningitis (Edmond et al., 2010;
Kim, 2010; Portnoy et al., 2015; Sridhar et al., 2015; van de Beek et al., 2002; Watt
et al., 2009). BM is reported to be a common cause of acquired sensorineural hearing
loss in children (Fortnum & Davis, 1993). The rate of hearing loss has been reported
to be around 22-30%, and 4% of patients are reported to suffer from bilateral hearing
loss (Arditi et al., 1998; van de Beek et al., 2016, B). According to Worsoe et al. in
2010, the rate of hearing loss could be even 55% after pneumococcal meningitis.
Hearing loss has been shown to be reversible in some cases, but approximately 30%
of patients suffer from permanent hearing loss after BM caused by S. pneumoniae
(Arditi et al., 1998; Lucas et al., 2016). Hearing loss may not be present at admission
and may develop later, so meticulous caution should be taken and hearing tests,
otoacoustic emissions or brainstem auditory evoked responses with children, or
audiometry with adults, should be performed with a very low threshold, and follow-
up testing may be needed (van de Beek et al., 2016, B). Early detection of hearing
deficiencies is crucial, because obliteration of the cochlear lumen might be a
consequence of BM and has been associated with unfavorable outcomes in cochlear
implant surgery, so therefore the screening of hearing levels can be recommended in
these circumstances (van Loon et al., 2013). In children, hearing loss may cause
impairments in speech development, and cochlear implant may be needed to prevent
this process (van de Beek et al., 2016, B).

In high-income countries the rate of major neurological deficits are 50% lower
compared to those in low-income countries (Edmond et al., 2010). Around 33% of
patients suffer from reduced processing speed as a form of cognitive impairment
after BM caused by S. pneumoniae or N. meningitidis (Hoogman et al., 2007; van de
Beek et al., 2002). Neuropsychological sequelac may cause difficulties in social
relationships, language developments and general ability to learn (Saha et al., 2009).
Childhood BM has been shown to have adverse effects on educational level in
Denmark (Roed et al., 2013). Patients with unfavorable outcomes after BM burden
the healthcare systems (Watt et al., 2009).

33



Sakke Niemela

There has been many proposed scales to determine the patients” outcome after
neurological diseases. Glasgow Outcome Scale (GOS) has been shown to be a valid
choice both in children and adults (Beers et al., 2012; Matulyte et al., 2020). The rate
of unfavorable outcome among infants and children after BM has been reported to
be 10-18%, and around 16-38% among adults (Baraff et al., 1993; Bijlsma et al.,
2016; Matulyte et al., 2020; Svendsen et al., 2020). The mortality of BM has been
reported to range from 2% to 33% among infants and children and 6—17% among
adults (Bijlsma et al., 2016; Jung, 2022; Lovera et al., 2022; Matulyte et al., 2020;
Polkowska et al., 2017).

2.9 Risk factors of bacterial meningitis and
predictors of unfavorable outcome

Otitis media is shown to be a key risk factor for BM (Worsoe et al., 2010).
Additionally, human immunodeficiency virus -infection, indoor air pollution,
overcrowded houses, malnutrition, and genetic deficiencies in immune systems such
as asplenia, complement system deficiencies and antibody deficiencies along with
smoking and sickle cell anemia has been reported as risk factors for BM (Baker et
al., 2000; Battersby et al., 2010; Hodgson et al., 2001; Miller et al., 2014; Mook-
Kanamori et al., 2011; Miiller & Krawinkel, 2005; van de Beek et al., 2016, A).
Furthermore, poverty has been identified as a strong risk factor for BM (Global
Burden of Diseases, 2018).

Considering newborns, low birth weight, low birth length, prolonged time of
rupture of membranes over 18 hours, intrapartum maternal fever and use of invasive
measures during parturition have been recognized as risk factors for GBS disease
(Ku et al., 2015; Puopolo et al., 2019; Verani et al., 2010; Zaleznik et al., 2000).

Considering PNM, reoperations, insertion of postoperative ventricular shunts,
and male sex have been identified to be risk factors after craniotomy (Korinek et al.,
2008; Reichert et al.,, 2002). In addition, diabetes mellitus, administration of
corticosteroids, CSF leakage, and increased duration of surgery have been found to
elevate the risk of PNM (Jackson et al., 2016; Kourbeti et al., 2015). Interestingly,
glioblastoma patients with tumour maintaining chromosome 10q was found to have
increased rates of infections (Aghi et al., 2009).

Several clinical symptoms have been identified as predictors of unfavorable
outcome after BM. The role of headache has been unclear, as according to the study
by Bijlsma et al. in 2016, headache was not a predictor of unfavorable outcome, but
more recently Matulyte et al. in 2020 found that headache was a predictor of
unfavorable outcome. Neurological symptoms and confusion have also been
reported to be predictors of unfavorable outcome (van de Beek et al., 2016, B).
Prematurity (<37 weeks of pregnancy), seizures and male gender have been
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identified as predictors of unfavorable outcome in newborns (Haftner et al., 2021).
Patients over 65 years of age with PNM had significantly higher risk of mortality
according to a recent study by Valdoleiros et al. in 2022.
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3 Aims

The objective of this doctoral thesis was to characterize the epidemiology of BM
among patients of all backgrounds in Southwestern Finland and the significance of
potential predisposing factors and the indicators of unfavorable outcome. The
specific aims of the studies were:

1. To characterize the current clinical picture of BM, to identify the causative
pathogens, to determine the predisposing factors and indicators of
unfavorable outcome of community-acquired and nosocomial BM in adult
population.

2. To describe the incidence, epidemiology, and clinical presentation of BM,
to identify the causative bacteria, and to study the predisposing factors and
indicators of unfavorable outcome of community-acquired and nosocomial
BM in infants and children.

3. To investigate the incidence of PNM after glioma surgery, characterize the
causative pathogens, to study the predisposing factors and to determine the
risk factors for developing PNM.
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4 Materials and Methods

4.1 Patient selection

411 Studies Il

The medical records of adult patients over 16 years of age and infants and children
under 16 years of age treated for BM at Turku University Hospital, Turku, Finland,
between 2011 and 2018, were retrospectively investigated. Our hospital is a tertiary
referral centre in the Hospital District of Southwest Finland, which can receive
patients also from elsewhere Western Finland. At the time of these studies, our
hospitals catchment area was approximately 480 000 inhabitants, of which 75 000
infants and children below 16 years of age, and 4000 live births per year.

A database search with the following International Classification of Diseases 10™
Revision (ICD-10) codes were performed: A87.9, B94.80, G00.9, GO1*A32.1,
GO1*A39.0, GO1*A69.2, G05.2*B83.2, A17.0, A32.1, A87, B01.0, B02.1, B05.1,
B37.5, B38.4, B45.1, B94.80, G00, G01, G02, G03, GOS5.

From a total of 896 patients with an ICD-10 code for meningitis, all meningitis
caused by non-bacterial pathogens, such as viruses, fungi, parasites, or probable
aseptic meningitis cases were excluded, and so were all neuroborreliosis cases. The
ICD-10 codes included meningitis of all causes, and the patients who were excluded
from these studies had a confirmed or probable excluded type of meningitis, or they
did not fill the laboratory inclusion criteria for BM. The patient data was investigated
further by going through all the previous patients including clinical findings,
laboratory results on blood and CSF, and imaging results one by one.

Finally, 148 adults and 37 infants and children were included with either
community-acquired or nosocomial BM. The pediatric patients were further
classified into two age groups: infants from 0 to 89 days of age and children from
90 days to 15 years of age.

41.2 Study I

After the surprisingly high proportion of nosocomial meningitis, especially PNM
from studies I and II, a meeting was set up with neurosurgeons to plan further
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investigations. We decided to border the cases of PNM with only glioma patients,
the group with highest amount of PNM according to study I to make the patient
selection more uniform, because in studies I and II all kinds of neurosurgical
operations before PNM were included.

We systematically analyzed the patient records of a consecutive cohort
comprising 1 161 patients undergoing craniotomy for intracranial tumors between
2011 and 2018. Next, a database search for World Health Organization grade 14
glioma patients treated with craniotomies between 2011-2018 in Turku University
Hospital, Finland, was carried out. ICD-10 codes C71.*, The Nordic Medico-
Statistical Committee codes AAB00, AAB10 and AW*** were used to identify
suitable patients. Out of this cohort, 345 patients received a glioma diagnosis and
were subsequently included in this study.

4.2 Definitions

4.2.1 Study |

BM was defined as nosocomial, if the individual was already admitted to hospital
when developing BM or, if there was a history of surgery in the previous 54 days.
BM was defined as community-acquired if the individual had no history of surgery
or hospitalization during the previous 54 days.

422  Studyll

Nosocomial BM was defined as an early-onset meningitis (0—6 days of age),
meningitis acquired during the patient's hospital stay or meningitis after a
neurosurgical procedure, which occurred before 30 days after discharge. All other
individuals were defined as having a community-acquired BM.

423 Study Il

Revision surgery was defined as a reoperation occurring before 100 days after
primary surgery, and reoperation was defined as a repetitive glioma surgery in the
history of patient without specific time limits. Reoperations and revision surgeries
were executed from the same area as the index surgery. Recurring or residive
gliomas were the motives for reoperations, while CSF leakage, surgical site
infections, hydrocephalus or intracranial infections were the reasons for revisions.
Classical signs of infection in the area of surgery such as redness, tenderness,
swelling, or pus rose the suspicion of a wound infection. Low-grade gliomas were
defined as grades 1-2 while grades 3—4 were defined as high-grade.
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4.3 Diagnostic inclusion criteria

4.3.1 Study |

This study included culture- or PCR positive BM cases but also CSF culture negative
cases with symptomatology of BM with neutrophilic pleocytosis and at least one of
the following: decreased CSF glucose levels (< 2.2 mmol/L), high protein levels (>
1000 mg/L) or high CSF lactate levels (> 3.0 mmol/L), and those with meningitis-
related findings interpret by radiologists in imaging examinations. All methods of
data collection remained uniform through 2011-2018.

When found in CSF, S. epidermidis was considered to be a causative agent of
BM if the patient was having BM symptoms and simultaneous CSF pleocytosis to
rule out contamination.

432  Studyll

This study included patients with positive CSF culture or PCR but also CSF culture
negative patients with clinical symptoms of BM and CSF pleocytosis (>30 x 10%/L).
Additionally, patients had to have at least one of the following laboratory findings:
a positive blood bacterial culture, a high CSF protein level (>1000 mg/L) or elevated
plasma CRP levels (>50 mg/L). The inclusion criteria for neonatal early-onset BM
cases were clinical symptoms of BM and a CSF leukocyte count over 30 x 10%/L.

When found in CSF, S. epidermidis was considered to be a causative agent of
BM if the patient was having BM symptoms and simultaneous CSF pleocytosis to
rule out contamination.

4.3.3 Study I

Patients enrolled had at least one of the possible symptoms of PNM: fever, headache,
decreased mental status, seizures, or neck stiffness. To identify the appropriate PNM
patients and rule out aseptic meningitis cases, the following inclusion criteria to
define PNM were implemented: 1. CSF culture positivity, 2. CSF leukocyte count >
250x10%/L with granulocyte percentage >50% or 3. CSF lactate >4mmol/L (Hussein
et al., 2017). Eventually, 25 patients with PNM were identified.

4.4 Laboratory methods

This chapter characterizes the standard laboratory methods used in this thesis, not all
methods. During the study period, the laboratory methods of BM were as following:
A minimum of two ml of CSF was gathered from adult patients with suspected BM,
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and even lower volume of CSF from neonates and children. Gram staining was
performed to screen the potential bacterial pathogens. A drop of sediment was spread
over culture media, chocolate agar plates (BD Diagnostic Systems) and trypticase
soy sheep blood agar plates (TSA-S, BD Diagnostic Systems). Additionally, a drop
of sediment was added into fastidious anaerobe broth (FAB, in-house) and if
postoperative BM was suspected, a fastidious anaerobe agar (FAA, in-house) plate
was cultured.

The aerobic plates were read on the first and second day after the inoculation. If
no growth was detected, negative result was given to clinician. The anaerobic FAA
and FAB plates were read on the second and fourth day after the inoculation, after
which the negative result was given if no growth was noticed. The media were
further incubated until total of seven days, and if growth was detected at that point,
the clinician was informed.

When growth was noticed on any media, the pathogens were identified with
matrix-assisted laser-desorption-ionization time-of-flight (MALDI-TOF) mass
spectrometry (MALDI Biotypere System, Bruker Daltonics, Bremen, Germany).

Species-specific PCR-methods were not available for bacteria in our institute.
When requested by a clinician, general PCR for bacteria with 16S ribosomal
ribonucleic acid -sequencing method was performed to identify bacterial pathogens
from CSF. Bacterial DNA was isolated in our laboratory and sent for sequencing to
Eurofins Genomics laboratory (Ebersberg, Germany) and the resulting DNA
sequence was compared with Basic Local Alignment Search Tool- software
(https://blast.ncbi.nlm.nih.gov) to GeneBank database.

Blood culture samples from adults were harvested into Bactec™ Plus Aerobic/F
and Bactec™ Plus anaerobic/F bottles (BD Diagnostic Systems, Sparks, Maryland,
USA). With pediatric patients, blood culture samples were collected to Bactec™
Peds Plus™/F vials (BD Diagnostic Systems, Sparks, Maryland, USA).

The samples were incubated for maximum of 120 hours or until signalled
positive. The positive samples were placed on chocolate agar and FAA plates and
the bacteria were identified by MALDI Biotyper® System (Bruker Daltonics,
Bremen, Germany).

Antimicrobial susceptibility tests were performed with disk diffusion (Oxoid,
Cambridge, UK), minimal inhibitory concentration gradient -tests (Etest,
bioMérieux, Marcy I’Etoile, France) or VITEK® 2 Compact automated ID/AST
system (bioMérieux). The results were interpreted according to the European
Committee on Antimicrobial Susceptibility Testing guidelines.
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4.5 Statistical analysis

4.5.1 Study |

The incidence of BM in adults was calculated by dividing the number of patients in
the Hospital District of Southwestern Finland by the number of years studied and the
population over 16 years of age. The categorical variables are summarized with
counts and percentages (%), and the continuous variables are presented with ranges,
means for normally distributed variables or medians.

To discover factors affecting to unfavorable outcome (GOS scores 1-4), log
binomial model was performed separately for each factor with univariate approach
and reported with relative risk and it’s 95% confidence intervals (Cl) together with
p-value. P-values of <0.05 were interpreted as statistically significant.

Association with two categorical variables was tested with Fisher’s exact test.
The data analysis was generated using SAS software, Version 9.4 of the SAS System
for Windows (SAS Institute Inc., Cary, NC, USA). All statistical analyses were
performed by Master of Science, biostatistician Eliisa Loyttyniemi.

452  Studyll

The incidence of BM in pediatric patients was calculated by dividing the number of
patients in the Hospital District of Southwestern Finland by the number of study
years and the population below 16 years of age. The incidence in infants was reached
by dividing the annual number of infant BM cases by the number of live births.

The two age groups were compared with the Wilcoxon rank sum test for
continuous variables and Fisher's exact test for categorical variables. Statistical
associations between two categorical variables were tested with Fisher's exact test.
Additionally, a separate log-binomial model was performed with unfavorable
outcomes, defined as GOS scores 14, for each factor as univariate approach.

We were not able to perform a multivariate analysis because of the low number
of children with an unfavorable outcome. Two- tailed p values of <0.05 were
interpreted as statistically significant. The data analysis was generated using SAS for
Windows, Version 9.4 (SAS Institute Inc., Cary, NC, USA). All statistical analyses
were performed by Master of Science, biostatistician Eliisa Loyttyniemi.

4.5.3 Study I

Continuous data of patients were summarized with median and lower (Q1) and upper
(Q3) quartiles and comparisons between patients with PNM and without PNM with
Wilcoxon rank sum test. Associations between two categorical variables was
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primarily evaluated with Fisher’s exact test. Additionally, logistic regression
analysis was performed to reoperation and revision surgery, separately for each
explanatory variable with univariate approach, and reported with odds ratio (OR)
and its 95% ClIs. After univariate modelling, multivariable model was constructed
based on univariate results. Two-tailed p values of <0.05 were regarded as
statistically significant. The data analysis was generated using SAS software,
Version 9.4 of the SAS System for Windows (SAS Institute Inc., Cary, NC, USA).
All statistical analyses were performed by Master of Science, biostatistician Eliisa
Loyttyniemi and Doctor of Medicine, Doctor of Philosophy Dan Laukka.

4.6 Evaluation of outcome

In studies I and 11, the clinical outcomes after BM were evaluated. The outcomes
were defined with the five-point GOS scale based on the information in the patient's
medical records (Beers et al., 2012; Matulyte et al., 2020). The scale comprises of
death (one point), vegetative state (two points), severe disability (three points),
moderate disability (four points) and mild or no disability (five points).

The outcomes of adult patients in study I were evaluated at discharge. The
outcomes of pediatric patients in study II were evaluated at discharge and
eight months after discharge. An unfavorable outcome was defined in both studies
as a score from 1 to 4. Considering adults, the scores 2—4 were interpreted as
following: 2= patient is unable to interact with the environment, 3=patient is unable
to live independently, 4=patient can live independently but is unable to return to
previous work. Considering pediatric patients when interpreting the GOS scores, we
considered the age of the patient, and the disability was assessed in relation to their
age-appropriate behaviour.

Hearing was evaluated with an appropriate method, either a brainstem auditory
evoked response, an audiogram, otoacoustic emissions or mechanical source of
voice, depending on the age and status of the patient. Hearing deficiency was defined
by a better ear hearing level of 20 decibels or above.

4.7 Ethics

This was a retrospective single centre study from Turku University Hospital, Turku,
Hospital District of Southwest Finland, Finland. This study received an institutional
approval and was not subject to the Ethics Committee approval, but all separate
studies received research permit.
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5 Results

5.1 Study |

5.1.1 Background information

The medical information of 148 adults with BM were included in study I. We
identified 72 (49%) males and 76 (51%) females. Median age of patients was 57
years (range 16-95). The most common age groups with BM were patients between
4665 years of age (n=64, 43%), followed by individuals aged 66 years or older
(n=40, 27%), 2645 years (n=29, 20%), and young adults 1625 years of age (n=15,
10%). Almost all (145, 98%) patients had Finnish nationality. Individual
characteristics, underlying conditions, associated background infections, and signs
and symptoms of patients on admission are presented in Table 1. The age
distribution of patients is presented in Figures 2 and 3.

Most patients contacted the hospital emergency department primarily (120, 81%)
and some local health center (24, 16%) and a few with private medical clinics (4,
3%). Majority of individuals had nosocomial BM (82, 55%) and the rest (66, 45%)
community-acquired BM. Neurosurgical procedure or acute cerebral incident prior
BM were documented in 74 patients (50%). Forty-nine patients (33%) had no
previous infection or operation prior BM. Nine patients (6%) had otogenic, another
nine patients (6%) odontogenic, and seven patients (5%) sinonasal etiology of BM.
Seven individuals (5%) had recurrent BM. Majority of BM cases were diagnosed in
the Hospital District of Southwest Finland (139, 94%), and the rest (9, 6%) were
transferred to our hospital from regional hospitals elsewhere. The total adult
population in our district during the study years was approximately 405 000, and
thus the total yearly incidence was approximately 4.3/100 000. Vaccination status of
patients was poorly mentioned in the medical records, as only one (1%) was reported
to having received all vaccinations in the Finnish national vaccination programme.
Active cancer, diabetes, lower and upper respiratory tract infections, excessive
alcohol use, smoking, and skin infections were relatively common among patients
(Table 1.) Sixty-seven patients (45%) had previous surgery prior BM and two (1%)
of them were ear- related.
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Figure 3. Number of bacteria detected in the cerebrospinal fluid by age groups. Modified and
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Results

Table 1. Individual characteristics, underlying conditions, associated background infections, and
signs and symptoms of adult patients with bacterial meningitis. Modified and reprinted
with the permission from the copyright holders from original publication I.

Variable BM patients (n=148)
Demographics
Age (years) 57 (median)
Men 72 (49%)
Finnish nationality 145 (98%)
Predisposing conditions
Sinusitis 7 (5%)
Otitis 9 (6%)
Dental infection 9 (6%)
Post-neurosurgical infection 74 (50%)
Brain abscess 6 (4%)
Urinary tract infection 3 (2%)
Recurrent meningitis 7 (5%)
Smoking 21 (14%)
Alcohol overuse 18 (12%)
Sepsis 42 (28%)
Cancer 22 (15%)
Diabetes (type | and II) 7 (12%)
Hypertension 44 (30%)
Asthma 7 (5%)
Previous operative treatment 67 (45%)
Mental disability 1 (1%)
Respiratory infections
Pneumonia 15 (10%)
Bronchitis 1(1%)
Aspergillosis 1(1%)
Upper respiratory infection 15 (10%)
Tonsillitis 1(1%)
Skin infections
Head area 11 (7%)
Other 11 (7%)
History of acute illness
Seizures 8 (5%)
Pre-diagnostic antibiotic use 85 (57%)
Pre-diagnostic corticosteroids 33 (22%)
Clinical findings on admission
Decreased general condition 90 (61%)
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Variable

BM patients (n=148)

Decreased consciousness
Fever

Headache

Neck stiffness

Triad of fever, headache, and neck stiffness
Triad of fever, neck stiffness and decreased consciousness
Vomiting

Skin color change
Confusion

Aphasia or dysphasia
Visual deviation

Psychic retardation
Pupil-asymmetry

Babinski sign

Nystagmus
Eyes-fixed-gaze

Hearing loss

Dysarthria

Vertigo

Double vision

Strabismus

62 (42%)
123 (83%)
83 (56%)
73 (49%)
39 (26%)
20 (14%)
36 (24%)
12 (8%)
58 (39%)

51.2 Clinical characteristics

The median duration of symptoms before admission to hospital was one day (range
0-30 days). Eight individuals (5%) had seizures (three generalized, one focal, four
undefined) prior admission to hospital. In the emergency department eight (5%)
patients had seizures. Decreased level of consciousness was noticed in 62 (42%)
patients, four of them being in coma—one in a ventilator and three sedated due to
severe clinical condition. Eighteen patients (12%) had two or three neurological
symptoms at the same time. One (1%) monoparesis and two (1%) hemiparesis were
reported, but those were most likely related to acute ischemic brain attack prior to
BM. Changes in skin color were observed in 12 (8%) patients: petechiae in nine,
marble skin in two patients, and yellowish skin in one patient. All clinical symptoms

are presented in Table 1.
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5.1.3 Causative pathogens

Blood culture detected bacteria in 42 (28%) patients. CSF culture for bacteria was
conducted in 146 (99%) patients showing positivity in 50 (34%) cases. PCR of CSF
specimen was performed with 46 individuals (31%) presenting positivity in 10 (20%)
cases. Same bacteria were detected in CSF and blood in 17 (12%) patients. The most
frequent pathogens were S. pneumoniae (11, 7%), S. epidermidis (7, 5%), S. aureus
(6, 4%), N. meningitidis (6, 4%) and Klebsiella species (5, 3%). CSF culture was
used to identify seven S. epidermidis cases and PCR was used for one. There were
nine (6%) Gram stain negative rods cultured from CSF in study I: Five Klebsiella
species, one each of the following bacteria: H. influenzae, Citrobacter koseri,
Pseudomonas aeruginosa and Capnocytophaga cynodegmi. Pasteurella multocida
was observed once with PCR. All causative bacteria cultured from CSF are presented
in Figures 3 and 4.

Besides from CSF, pathogens were cultured from other sources as well. Most
common pathogens detected from blood were S. pneumoniae (12, 29%), S. aureus
(7, 17%), Streptococcus pyogenes (5, 12%), N. meningitidis (4, 10%), S. epidermidis
and GBS (both 3, 7%). All detected pathogens are shown in Figure 5.

Bacteria most frequently cultured from pus from different origins (ear, sinuses,
neurosurgical wound, or abscess) were S. aureus (3, 18%) and S. pyogenes (2, 12%).
S. epidermidis (4, 67%) accounted for most cultured bacteria from intracranial
material, such as cannula, shunt, or suture. Figure 5 presents all detected pathogens
from study I.

In seven (5%) cases the bacterium was detected by PCR from a CSF specimen
when CSF culture was negative, and the pathogens were N. meningitidis (3), S.
epidermidis (1), P. multocida (1), Cellulosimicrobium (1) and Bacillus cereus (1). In
three (2%) cases two different bacteria were simultaneously detected in the CSF.
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Figure 4. Bacteria cultured from CSF by year of bacterial meningitis. Modified and reprinted with
the permission from the copyright holders from original publication |. The y-axis shows
the number of bacteria.
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514 Antibiotic resistance

Bacteria detected from CSF were most likely resistant to cefuroxime (10, 7%),
ampicillin (9, 6%) and tetracycline (9, 6%). All CSF bacterial culture resistance
profiles are shown in Figure 6. Seven (5%) bacteria cultured from CSF were
resistant to one antibiotic, three (2%) to two different antibiotics, one (1%) to three
different antibiotics, five (3%) to four different antibiotics, two (1%) to six different
antibiotics, three (2%) to eight different antibiotics, three (2%) to 11 different
antibiotics and one (1%) to 12 different antibiotics. It is worth noticing that there
were no species of bacteria with acquired resistance to vancomycin or ceftriaxone.
Multi-drug resistance, defined here as a resistance to three or more antibiotics, was
seen in 13 (9%) patients, mostly patients with nosocomial BM (8, 5%). In other
bacterial cultures from blood, pus, or intracranial material, 30 (20%) cases presented
resistance to at least one antibiotic. Multi-drug resistance was seen in 14 (9%)
patients. There were six (4%) simultaneous fungal infections.
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Figure 6. Antibiotic resistance profiles from all bacteria cultured from cerebrospinal fluid.
Reprinted with permission from the copyright holders from original publication I. The y-
axis shows the number of antibiotics used.

5.1.5 Laboratory results

Laboratory results from blood, plasma and CSF are presented in Table 2.
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Table 2. Values of fundamental laboratory tests on admission. Reprinted with permission from
the copyright holders from original publication I.

Laboratory results Median Normal values
C-reactive protein (mg/L) 61 <10
Leukocyte count in blood (x10°/L) 12.2 3.4-8.2
Plasma glucose (mmol/l) 6.0 <6.0
Leukocyte count in CSF (x108/L) 566 0-5
Granulocyte percentage in CSF (%) 75 0
Glucose levels in CSF (mmol/L) 1.5 22-42
Lactate levels in CSF (mmol/L) 5.7 1.1-2.2
Protein levels in CSF (mg/L) 1563 150-650

5.1.6 Imaging

On admission, CT scan of the head was performed to most patients (119, 80%) and
MRI to 26 (18%) patients. In 14 (10%) cases imaging findings were found to present
leptomeningeal or pachymeningeal intensifications as a sign of meningitis, most
frequently seen with MRI (8, 57%), but also with CT (6, 43%). The imaging methods
presented specific BM related findings in 31% and 5% of cases, respectively by MRI
and CT. In 15 (10%) patients imaging found findings consistent with elevated
intracranial pressure. Imaging controls, when appropriate, were performed most
frequently with MRI (62, 42%) and CT controls were performed to 43 (29%)
individuals. Fifty (34%) patients had at least one imaging control executed from one
month to two years after discharge from the hospital.

51.7 Treatment

Pre-diagnostic antibiotics, including perioperative ones, were administered to 85
(57%) patients. Of them, 49 (58%) were diagnosed with postoperative meningitis.

Pre-diagnostic corticosteroids were given to 33 (22%) patients: tablets,
intravenous products, inhalators, and nasal sprays in 19, 10, three, and one patient,
respectively. The most common corticosteroid used was dexamethasone (12, 8%).
Twenty-three (16%) patients received acyclovir treatment on admission along with
antibiotics.

After the diagnosis of BM, ceftriaxone was the most common used antibiotic
regimen (117, 79%), followed by meropenem and vancomycin with 11 (7%) cases
each. The most frequent second antibiotic used in conjunction with the first one was
vancomycin (93, 63%), meropenem (11, 7%), doxycycline (8, 5%), ampicillin and
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clindamycin (both 5, 3%). Antibiotic monotherapy was administered to 13 (9%)
patients. Eighteen patients received three-modal antibiotic treatment with the most
common third antibiotic being ampicillin (8, 5%). The total number of intravenous
antibiotics used are shown in Figure 7. Ceftriaxone and vancomycin were the most
frequently used empiric antibiotics among all occasions and so were the case also
after confirmed etiology.

The most common number of various antibiotics used in total during the
treatment of BM were three (50, 34%), two (34, 23%), four (22, 15%), five (19,
13%), seven (8, 5%, six (6, 4%), eight and nine (both 3, 2%), one (2, 1%) and ten
(1, 1%).

After the diagnosis of BM, corticosteroids were administered to 79 patients
(53%). Operative treatment was required for 56 (38%) individuals with most cases
being PNM. Mastoidectomy was operated to six (4%) patients of whom all had
otogenic meningitis.

The median duration of intravenous antibiotic therapy was 18 days (range 2—
125). At discharge, 29 (20%) patients were prescribed with oral antibiotics, while
the duration ranged usually from five to 30 days, and in a few cases for 100-270
days as a suppressive antibiotic therapy for various reasons. Five most frequent oral
antibiotics used were amoxicillin with clavulanic acid (5, 3%) followed by
clindamycin, moxifloxacin, penicillin and cefalexin (all 4, 3%). Median number of
the days on intravenous and oral antibiotics combined was 21 days.

140
120

100

80

60

40

20

0 Ill-____ - -
Q& R

O X > . Q& B
< 5 © & & & L
& & ,\QQQ/ ((\Q\o & o (\\&b ,K’D&Q \0_\_’0 (‘)\\o+ N @%‘OQ &° s\o@ o‘Q}\ Qef\\
@ AQ’(\ @e Lo 0\(\ é}o N\ C \/@4 /@x &(\ (}Q& 192 N
R é\
N & v
O X
@
&
R

Figure 7. Number of patients with antibiotics used intravenously after the diagnosis of bacterial
meningitis. Reprinted with permission from the copyright holders from original
publication I. The y-axis shows the number of antibiotics used.
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51.8 Outcome

The median duration of hospital stay was 20 days. A total of 49 patients (33%) had
developed at least one neurological deficit at the time of discharge. Most frequent
deficits were memory difficulties (15, 10%) and mental regression (13, 9%),
followed by dysphasia or aphasia (9, 6%), visual disorders (9, 6%), vertigo and
hydrocephalus (7, 5% each), decreased level of consciousness (5, 3%), hemiparesis
and change in personality (4, 3%). Twelve (8%) patients had their hearing
investigated with audiogram during their hospital stay. After discharge until one-
year control, eight (5%) patients had developed permanent hearing impairment.
There was no deafness documented in any patient.

Fourteen patients (9%) passed away (GOS score 1), all but one directly from
BM. From the survivors of BM, five (3%), 18 (12%), 23 (16%) and 89 (60%) patients
had the GOS scores 2, 3, 4, and 5, respectively. In total, 41% of the patients had an
unfavorable outcome (GOS scores 1-4). 30-day overall mortality was 11% with one-
year and two-year overall mortality being 14% and 20%, respectively.

Patients who were diagnosed with otogenic meningitis had unfavorable outcome
likelihood of 22%, those from sinonasal meningitis 29%, from odontogenic
meningitis 33%, from PNM 45% and patients with no specific source of BM 39%.
CSF culture was most frequently negative with PNM with 16 (22%) individuals.

Headache (p=0.0001, 95% CI 0.16-0.35), decreased general condition
(p=0.0001, 95% CI 0.23-0.67), head CT (p=0.0001, 95% CI 0.073-0.64) and MRI
of the head (p=0.04, 95% CI 0.92—4.0), hypertension (p=0.0002, 95% CI10.34—0.70),
altered mental status (p=0.0002, 95% CI 0.47— 0.73), confusion (p=0.0011, 95% CI
0.36-0.78), operative treatment (p=0.012, 95% CI 0.42-0.89), neurological
symptoms (p=0.023, 95% CI 0.44—0.93), pre-diagnostic antibiotic administration (p
=0.026, 95% Cl 0.40-0.97) and prescription of oral antibiotics on discharge
(p=0.039, 95% CI 0.94-3.6) were statistically associated with unfavorable outcome.
In other statistical analyses, pre-diagnostic antibiotic use was statistically associated
with negative CSF culture (p=0.05), positive blood culture was statistically
associated with positive CSF culture (p=0.0001) and pre-diagnostic antibiotic use
was statistically associated with negative blood culture (p=0.01). Only age group of
46-65 years were statistically associated with positive blood cultures (p=0.008). CSF
culture positivity was not statistically associated with age groups (p=0.69). Statistical
analyses are presented in Table 3.
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Table 3. Factors related to clinical outcome of patients. Modified and reprinted with the
permission from the copyright holders from original publication I.

Correlation to P-value of

unfavorable outcome univariable
Variable (n=60) analysis
Headache Yes 0.0001
Decreased general condition Yes 0.0001
Head CT Yes 0.0001
Hypertension Yes 0.0002
Altered mental status Yes 0.0002
Confusion Yes 0.001
Operative treatment Yes 0.01
Focal neurological symptoms Yes 0.02
Prediagnostic antibiotic use Yes 0.03
Oral antibiotics on discharge Yes 0.04
Head MRI Yes 0.04
Type 2 diabetes No 0.06
Blood culture positivity No 0.07
Prediagnostic corticosteroid No 0.07
Bacteria cultured from other sources beside CSF No 0.1
Nosocomial meningitis No 0.1
Pulmonary infections No 0.1
Signs of elevated intracranial pressure with imaging No 0.1
Previous surgery No 0.20
Tobacco use No 0.24
Upper respiratory infection No 0.24
Multi-drug resistance of CSF pathogens No 0.31
Skin infections of the body No 0.33
Acute otitis media No 0.34
Gender No 0.35
Asthma No 0.36
CSF culture positivity No 0.38
Alcohol overuse No 0.39
Acyclovir use No 0.44
Seizures prior admission to hospital No 0.58
Dental infections No 0.59
Fever No 0.59
Cancer No 0.61
Skin infections of the head No 0.73
Corticosteroid use No 0.74
First contacted healthcare provider No 0.80
Vomiting No 0.86
Skin color changes No 0.87
Sinusitis No 0.90
Neck stiffness No 0.92
Signs of meningitis with imaging No 1.00
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5.2 Study I

5.2.1 Background information

Thirty-seven children (20, 54% male) were identified with BM treated at Turku
University Hospital between 2011 and 2018. There were 22 infants aged 0— 89 days
and 15 children or adolescents aged 90 days to 15 years (Figure 8).

Three children had been transferred from other hospitals in Finland. The
incidence was approximately 5.7/100 000/year based on the 34 newborns and
children living in the Hospital District of Southwest Finland. Incidence among
infants was estimated to be 0.7/1000 live births. The median age of the 37 children
was one month, with Q1 nine days and Q3 three years and nine months. Most (19,
51%) of the BM cases were nosocomial (Table 6).
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Figure 8. Age distribution of the 37 pediatric patients with bacterial meningitis. Reprinted with
permission from the copyright holders from original publication Il. The y-axis shows the
number of patients.

Bacteria were detected in either the CSF or blood in 21 (57%) patients (Table
5). The CSF culture was positive for bacteria in 15 (41%) of cases and the PCR of
the CSF was positive once when culture was negative (Figure 9). A blood culture
detected bacteria in five (14%) cases when the CSF culture was negative. The most
frequently detected pathogens in CSF culture were GBS (4, 11%), S. pneumoniae (3,
8%) and E. coli (2, 5%). All the detected causative bacteria are shown in Figure 9.
The CSF culture was positive in three (15%) of the 20 patients who received pre-
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diagnostic antibiotics before their lumbar puncture and in 12 (71%) of the 17 patients
who only received antibiotic therapy after the lumbar puncture (p=0.001).

The majority (12, 55%) of the 22 infants aged 089 days of age were born preterm
before 37+0 weeks of gestation: three (14%) before 28+0 and four (18%) between
28+0 and 31+6 weeks of pregnancy. Four (18%) of the infants’ mothers were carrying
GBS. The proportions of various patient groups are presented in Table 4.

Two (13%) of the 15 children aged 90 days to 15 years had both otitis media and
mastoiditis. Various infections were detected prior or simultaneously with BM:
pneumonia, pyelonephritis, brain abscess and dental infection were each detected in
one patient.

Table 4. Proportions of subgroups by age groups with bacterial meningitis. Modified and
reprinted with the permission from the copyright holders from original publication II.

Infants aged 0-89 days (n = 22) N (%)
Early onset (0—6 days) 5 (23)
Late onset (7—89 days) 17 (77)

Late-onset community acquired 6 (27)
Late-onset nosocomial (not neurosurgical) 8 (36)
Post-neurosurgical meningitis 3 (14)

Children aged 90 days to 15 years (n = 15) N (%)
Community acquired 9 (60)
Nosocomial (not neurosurgical) 2 (13)
Post-neurosurgical meningitis 4 (27)

Table 5. Pathogens detected in cerebrospinal fluid or blood culture by age groups. Modified and
reprinted with the permission from the copyright holders from original publication II.

Children aged 90
Infants aged 0-89 | days to 15 years All children
Pathogens in CSF or blood days n=22 n=15 n=37
culture N/n (%) N/n (%) N/n (%)
E. coli 4 (18) 1(7) 5 (14)
GBS 4 (18) 0 4 (11)
S. pneumoniae 0 3 (20) 3(8)
S. aureus 2(9) 0 2 (5)
N. meningitidis 0 1(7) 1(3)
S. epidermidis 1(5) 0 1(3)
S. capitis 0 1(7) 1(3)
Actinomyces sp. 0 1(7) 1)
S. hominis 1(5) 0 1(3)
Anaerobic gram-positive cocci 0 1(7) 1)
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522 Clinical characteristics

The clinical characteristics of the infants 0-89 days of age are shown in Table 6. The
most frequent symptoms included decreased general condition (19, 86%), irritability
(18, 82%), decreased consciousness (11, 50%) and fever (9, 41%). The most frequent
pathogens cultured from either CSF or blood were E. coli (4, 18%), GBS (4, 18%)
and S. aureus (2, 9%). Two (9%) infants aged 0—6 days had GBS and so did two
(9%) infants aged 7-89 days. All the detected bacteria are shown in Figure 9. Multi-
drug resistance, which was defined as resistance to three or more relevant antibiotics,
was seen in two (9%) bacterial species: S. epidermidis and Staphylococcus hominis.
One CSF sample was PCR positive for Sphingomonas species when the CSF culture
was negative.

The most frequently administered antibiotics were ampicillin (12, 55%),
cefotaxime (9, 41%) and gentamicin (6, 27%). Multimodal antibiotic treatment was
used to treat 17 (77%) of the patients with BM and the number ranged from three to
seven different antibiotics. There were no cases detected where the cultured bacteria
that caused BM had acquired resistance to the empirically initiated antimicrobial
therapy. Two (9%) patients had a neurosurgical operation prior BM: one had a brain
hemorrhage and one had hydrocephalus. Two (9%) neonates needed invasive
respiratory support.

The clinical characteristics of the children aged 90 days to 15 years are shown in
Table 6. The most frequent bacteria, cultured from either from CSF or blood, was
S. pneumoniae (3, 20%). E. coli, Staphylococcus capitis and N. meningitidis were
each detected once. There was one CSF specimen with two cultured bacteria. All the
pathogens detected are shown in Figure 9.

Pre-diagnostic antibiotics were administered to five (33%) children. The most
frequently administered antibiotics after the diagnosis of BM were ceftriaxone (13,
87%) and vancomycin (5, 33%). Multimodal antibiotic treatment was used to treat
eight (53%) of the patients with BM and the number ranged from three to seven
different antibiotics. Corticosteroid treatment was used with nine (60%) patients as
well as antibiotics. Two children needed implantation of ventriculoperitoneal shunt
and one mastoidectomy. Six (40%) patients were prescribed with oral antibiotics
after discharge and the duration ranged from seven to 14 days.

56



Results

6
5
4
3
2
1 I
0 I 1 i | I 1
OQ;') ‘\?}@ (.«o\\ .'\é)\r7 \b\% '\K'\% X \Q\L) o(‘c Q,\;j 0(’0 (\qf’ b\\» 0('0 R
@OQ “ & L K & S 5 & & & F S
N N S A S & N & A
& Q Q 3 S 15) <& A x& & &
Q &L S P < o ¥ &
S X R ¢ S &
S S ¥ & N N
< S R
s &
N
& N
£ &
S
v
M CSF culture Blood culture Pus
Ventriculoperitoneal shunt M Urine M Tonsil swap
B PCR of CSF

Figure 9. Numbers of bacterial detections by culture methods of cerebrospinal fluid (CSF), blood,
pus, ventriculoperitoneal shunt, urine, or tonsil swap sample or by polymerase chain
reaction of CSF. Modified and reprinted with the permission from the copyright holders
from original publication Il. The y-axis shows the number of bacteria.

523 Outcome

The majority (18, 82%) of the patients aged 0—89 days underwent hearing tests, using
a brainstem auditory evoked response or otoacoustic emissions (16, 89%) and a
mechanical source of voice (2, 11%). Permanent hearing deficiency was found in
one patient. Two (9%) patients received a ventriculoperitoneal shunt. One infant was
diagnosed with epilepsy. Six (27%) infants had an unfavorable outcome at discharge:
four (18%) had a GOS score of three and two (9%) had a GOS score of four. Three
(14%) infants with a GOS score of three had an unfavorable outcome eight months
after discharge. There was no mortality among study population.

The majority (10, 67%) of the children aged 90 days to 15 years had hearing tests,
mostly with an audiogram (7, 70%). A brainstem auditory evoked response was used
with two (20%) patients and otoacoustic emissions with one patient. One child had
a permanent hearing deficiency, and another received a ventriculoperitoneal shunt.
Other adverse outcomes were visual difficulties in one patient and a change in
personality in another. Three (20%) children had an unfavorable outcome at
discharge: one had a GOS score of three and two (13%) had a GOS score of four.
The two (13%) children with a GOS score of four had unfavorable outcomes
eight months after discharge. There was no mortality among study population.

The univariate statistical analysis found that a positive CSF culture was
associated with an unfavorable outcome at discharge (p=0.02), but not eight months
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after discharge (p=0.1). Nosocomial meningitis (p=0.007) and preterm birth
(p=0.04) were statistically associated with an unfavorable outcome eight months
after discharge. All statistical analyses performed are presented in Table 7.

Table 6. Comparison of the clinical characteristics, laboratory values and outcomes of 37
children with bacterial meningitis by age. Modified and reprinted with the permission
from the copyright holders from original publication 1.
Children
Infants aged |aged 90 days
0-89 days to 15 years | All children Proportion
N=22 N=15 N=37 difference (%)
and 95%
N/n (%) or N/n (%) or N/n (%) or confidence
Variable median median median P value interval
Type of bacterial meningitis
Community acquired 9 (41) 9 (60) 18 (49) 0.32 19 (-13 to 51)
Previous surgery 3 (14) 7 (47) 10 (27) 0.056 33 (4 to 62)
Neurosurgical 3 (14) 4 (27) 7 (19) 0.41 13 (-14 to 40)
Nosocomial 13 (59) 6 (40) 19 (51) 0.32 | -19 (-51 to 13)
Clinical findings at presentation
Pre-diagnostic antibiotics 15 (68) 5(33) 20 (54) 0.050 | -35 (-66 to -4)
Neurological symptoms# 3 (14) 5 (33) 8 (22) 0.41 13 (-14 to 40)
Decreased general condition 19 (86) 12 (80) 31 (84) 0.67 -6 (-31 to 18)
Irritability 18 (82) 6 (40) 24 (65) 0.015 |-42 (-71to-12)
Fever 9 (41) 14 (93) 23 (62) 0.002 | 52 (28to 77)
Decreased consciousness 11 (50) 5 (33) 16 (43) 0.50 | -17 (-48to 15)
Vomiting Not available 12 (80) 12 (32) 0.0001 | Not available
Neck stiffness 0 9 (60) 9 (24) 0.0001 | 60 (35 to 85)
Headache Not available 8 (53) 8 (22) 0.0001 | Not available
Petechiae 0 3 (20) 3(8) 0.059 20 (0 to 40)
Seizures 1(5) 2 (13) 3(8) 0.55 9 (-10 to 28)
Confusion 0 2 (13) 2 (5) 0.16 13 (-4 to 31)
Facial paresis 0 1(7) 1(3) 0.41 7 (-6 to 19)
Pupil-asymmetry 1(5) 0 1(3) 1.0 -5(-13to 4)
Bulging fontanel 1(5) 0 1(3) 1.0 -5 (-13to 4)
Laboratory and imaging results (interquartile range)
C-reactive protein (mg/L) 19.5 (4.8-75) | 85 (28-133) 45 (5-86) 0.033 |-61(-124 to -31)
Leukocyte count in blood (x10%L) |9.2 (4.5-12.5) | 14.9 (8.3-22) | 9.6 (6.8-16.6) | 0.016 -6 (-13to 1)
. 360 1600 738 1230
Leukocyte countin CSF (X10°L) | 4571g48) | (414-2430) | (92-2220) | °0%2 | (:210210-10)
Granulocyte percentage in CSF (%)| 44 (0-78) 79 (66-96) 75 (10-85) 0.016 | -29 (-75 to -4)
Glucose levels in CSF (mmol/L) 2.1 (1.2-3) 3.2(1-34) | 23(1.1-34) | 0.22 -1(2to 1)
Lactate levels in CSF (mmol/L) 3.4(2.6-3.9) | 6.3(3.1-8.7) | 3.5(2.9-7.0) | 0.040 -3(-5t00)

: . 1784 1105 1277 555
Protein levels in CSF (mg/L) (1063-2645) | (566-1791) | (702-2569) | °092 | (11910 1524)
Head magnetic resonance imagin
oo ﬁormeg 9ngl 5 (23) 7 (47) 12 (32) 0.16 | 24 (-7 to 55)
Imaging findings consistent with BM 2(9) 5(33) 7 (19) 0.095 | 24 (-7 to 55)
CSF culture positive 7 (32) 8 (53) 15 (41) 0.31 22 (-10 to 53)
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Children
Infants aged | aged 90 days
0-89 days to 15 years | All children Proportion
N=22 N=15 N=37 difference (%)
and 95%
N/n (%) or N/n (%) or N/n (%) or confidence
Variable median median median P value interval
Blood culture positive 10 (45) 4 (27) 14 (38) 0.31 | -19(-49to 12)
Treatment and outcome
Hospital sty in days (median): 1% | 5y 14 51y | 7 (5-14) 15(7=33) | 0.0015 | 14 (7to0 17)
to 3" quartile :
G oo e o3 eeie | 14(1221) | 11(7-25) | 14(10-21) | 050 | 3(3t08)
Unfavorable outcome at discharge 6 (27) 3 (20) 9 (24) 0.71 -7 (-35 to 20)
Unfavorable outcome at eight
months control 9 3 (14) 2(13) 5 (14) 1.0 0(-23t0 22
Hearing tests performed 18 (82) 10 (67) 28 (76) 0.71 | -11 (-40 to 19)
Permanent hearing deficiency 1(5) 1(7) 2 (5) 1.0 -2 (-17 t0 13)

# Neurological symptoms were defined as seizures, confusion, facial paresis, pupil-asymmetry and

bulging fontanel.

Table 7. Variables associated with unfavorable outcome at eight months after discharge among
children with bacterial meningitis. Modified and reprinted with the permission from the
copyright holders from original publication II.
Correlation to unfavorable p-value of
Variable outcome at eight months after univariate
discharge (n=5) analysis
Nosocomial meningitis Yes 0.007
Preterm birth (<37 weeks) Yes 0.04
Previous surgery No 0.09
Operative treatment No 0.10
CSF culture positivity No 0.14
Altered mental status No 0.15
Premature rupture of membranes No 0.17
Performed ultrasound exam of brain No 0.22
Pre-diagnostic antibiotic No 0.25
Skin color changes No 0.31
Decreased general condition No 0.31
Performed head CT No 0.35
Seizures No 0.36
Irritability No 0.43
Performed head MRI No 0.51
Fever No 0.59
Positive blood culture No 0.63
Neck stiffness No 0.81
Vomiting No 0.82
Headache No 0.91
Signs of meningitis with imaging No 1.00
Corticosteroid treatment No 1.00
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5.3 Study I

5.3.1 Background information

The median age of the 345 patients who underwent glioma surgery was 60 years (Q1—
Q3: 44-68 years) with majority (186, 54%) being male. High-grade glioma was
diagnosed in 262 (76%) patients, while low-grade glioma was observed in 83 (24%)
individuals. Sixty-nine (20%) of the surgeries were reoperations for recurrent glioma.
The rate of PNM was 7% (n=25) after glioma surgery. The median time interval
between glioma surgery and the diagnosis of PNM was 12 days (Q1-Q3: 7-20 days).

5.3.2 Causative bacteria

Positive CSF cultures were detected in seven (28%) of the PNM cases. The bacteria
acquired from CSF cultures were S. epidermidis (3, 43%), S. aureus (2, 29%), and
E. cloacae and P. aeruginosa were each detected once. There were 40 (12%)
individuals with suspected wound infection, of which 19 (6%) presented bacteria in
bacterial culture causing the local infection. Five (1%) individuals with culture
confirmed local wound infection also had CSF culture confirmed PNM. Blood
cultures were harvested from 58 (17%) of the patients with only one blood culture
positive discovery. All bacteria detected are shown in Figure 10.
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Figure 10. All bacteria detected from 345 patients after glioma surgery. Reprinted with the
permission from the copyright holders from original publication Ill. The y-axis shows the
number of bacteria.

5.3.3 Statistical analysis

Patients who were diagnosed with PNM were significantly younger, with a median
age of 49 years (Q1-Q3: 32—62 years) compared to 60 years (Q1-Q3: 46—68 years)
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in those without PNM (p=0.013). Furthermore, patients with PNM had a higher
proportion of low-grade gliomas (44% vs. 23%, p=0.027) and a higher frequency of
reoperations (52% vs. 18%, p<0.001) and revision surgeries (40% vs. 6%, p<0.001)
compared to glioma patients without PNM.

There were no statistically significant differences between patients with PNM
and those without PNM in regards of sex (female) (56% vs. 45%, p=0.31), body
mass index (BMI) (28 [Q1-Q3: 23-31] vs. 26 [Q1-Q3: 24-30], p=0.576), American
Society of Anesthesiologists (ASA) classification (p=0.97), or the length of the
surgery (202 minutes [Q1-Q3: 165-301 minutes] vs. 207 minutes [Q1-Q3: 156-251
minutes], p=0.216). All comparisons are presented in Table 8.

Multivariable analysis discovered that reoperation (OR 2.63, 95% CI 1.04—6.67,
p=0.042) and revision surgery (OR 7.08, 95% CI 2.55-19.70, p=0.001) were
significantly associated with PNM, while age (OR 0.98, 95% CI 0.95-1.01, p=0.11)
and glioma grade (high-grade vs. low-grade, OR 0.81, 95% CI 0.30-2.22, p=0.69)
presented no statistically significant associations.

Table 8. Background characteristics of patients with or without post-neurosurgical meningitis
(PNM). Reprinted with the permission from the copyright holders from original
publication 1.

Variable PNM No PNM

(n=25) (n=320) | P-value

Age, median (Q1-Q3) 49 (32-62) 60 (46-68) 0.01

Sex (female) 14 (56%) 145 (45%) 0.31

BMI, median (Q1-Q3) 28 (23-31) 26 (24-30) 0.54

ASA classification 0.97

ASA 1 0 (0%) 4 (1%)

ASA 2 2 (8%) 27 (8%)

ASA 3 15 (60%) 197 (62%)

ASA 4 8 (32%) 87 (27%)

ASA 5 0 (0%) 1 (0%)

Glioma grade 0.03

Grade 1 4 (16%) 13 (4%)

Grade 2 7 (28%) 60 (19%)

Grade 3 3 (12%) 41 (13%)

Grade 4 11 (44%) 206 (64%)
High-grade vs. Low-grade glioma 0.027

Low-grade (grade 1-2) 11 (44%) 73 (23%)

High-grade (grade 3-4) 14 (56%) 247 (77%)
Reoperation 13 (52%) 57 (18%) 0.001
Revision surgery 10 (40%) 18 (6%) 0.001
Emergency surgery 3 (12%) 11 (3%) 0.07
Operation time (min), median (Q1-Q3) 202 (165-301) | 207 (156—251) 0.22
CSF sample available 25 (100%) 24 (8%) 0.001
CSF leukocyte count (cells/mm?), median (Q1-Q3) | 425 (86—1140) 7 (1-35) 0.001
CSF neutrophil count (%), median (Q1-Q3) 79 (55-92) 2 (0-9) 0.001
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6.1 Bacterial meningitis in adults (study I)

Study I presented extensively the variety of clinical characteristics, causative
bacteria, and outcome of BM with various etiologies of BM in Southwestern Finland
among adult population. This study included culture positive and -negative cases of
BM, covering larger entities than if only culture positive BM cases were included
(Baspinar et al., 2017). Due to severity of the disease, it is necessary to regularly
assess and determine possible predictors of unfavorable outcome.

The incidence of BM was approximately 4.3/100 000 per year, which was higher
than previously reported (Bijlsma et al., 2016; Koelman et al., 2021). However, our
study also included culture negative BM cases as well as nosocomial BM. S.
pneumoniae was the most common (11, 7%) detected bacteria confirming the results
of previous studies (Bijlsma et al., 2016; Polkowska et al., 2017). In addition to S.
pneumoniae, N. meningitidis is a frequent causative bacterium of BM among
individuals of all ages (Oordt-Speets et al., 2018), but in our study the N. meningitidis
cases were most frequently seen with young adults between 16-25 years of age.
Unexpectedly there were only one L. monocytogenes and H. influenzae BM although
it is estimated that these bacteria cause around 9% and 7% of BM worldwide,
respectively (Davis, 2018). Nevertheless, it is possible that patients with septicemia
and concomitant BM had an ICD-10 code of only sepsis in their patient records and
were therefore excluded from inclusion.

Median CSF leukocyte count was 566 x 10%L among BM patients and median
protein levels were 1563 mg/L. However, BM can occur even with normal count of
CSF leukocytes, especially with simultaneous high protein levels in CSF. In those
cases, the outcome can be even worse than usually, with incidence of unfavorable
outcome 59% and mortality 31% according to van Soest et al. in 2022.

During the study period seven patients were identified with culture negative CSF
samples but positive PCR of CSF specimen for bacteria, a technique proven to be
more sensitive than CSF culture (Baspinar et al., 2017). CSF culture has
demonstrated varying sensitivities between 43—-85%, and specificity up to 97%, at
least in patients without the administration of pre-diagnostic antibiotics
(Hasanuzzaman et al., 2021; Heckenberg et al., 2014; Welinder-Olsson et al., 2007).
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The use of antibiotics before the collection of CSF specimen reduces the
identification of bacteria by culture with at least 30% (Corless et al., 2001).
Multiplex or quantitative PCR of CSF specimen has shown up to two-fold better
sensitivities than CSF culture and specificities up to 100% (Corless et al., 2001;
Hasanuzzaman et al., 2021). Our result of CSF culture positivity rate of 34% is
compatible with earlier studies, especially considering the rate of frequently used
pre-diagnostic antibiotics (57%). Our 16S ribosomal ribonucleic acid -sequencing
based PCR technique was clearly inferior compared to newer methods.

Earlier studies have found that CSF sterilization may occur in hours after
parenteral antibiotic administration. N. meningitidis may be sterilized within two
hours and S. pneumoniae within four hours after administering parenteral antibiotic
treatment (Kanegaye et al., 2001). Our results demonstrated that pre-diagnostic
antibiotic administration was statistically associated with both negative blood- and
CSF cultures. Positive blood cultures were statistically associated with positive CSF
cultures. Hence, pre-diagnostic antibiotic therapy before lumbar puncture may cause
unsuccessful detection of bacteria in BM patients. However, in urgent medical
situations such as sepsis and suspicion of BM the quick administration of antibiotics
is crucial (Sherwin et al., 2017).

Triad of fever, neck stiffness and altered mental status has been reported to be
present in 41-59% of BM patients (Matulyte et al., 2020; van de Beek et al., 2016,
B). Study I found that the prevalence of this triad was much lower (14%). However,
triad of fever, neck stiffness and headache were more common (26%). Therefore, the
absence of these triads cannot be used to rule out the possibility of BM. Neurological
symptoms and confusion were associated with unfavorable outcome, as discovered
previously (Sunwoo et al., 2021). In an older study headache was found not to be
associated with unfavorable outcome, but with a more recent study headache was
found to be associated with unfavorable outcome, as was the case also in our study
(Bijlsma et al., 2016; Matulyte et al., 2020). Physicians should pay even more
attention to BM patients experiencing headache and not only to altered mental status,
which may be a symptom of a more advanced disease.

Head CT scan was performed to most patients (80%) and head MRI with only
18% of patients. The lower percentage of head MRI usage may be due to the lack of
resources to use MRI-equipment and the need for faster results, which is essential to
avoid unfavorable outcomes (Proulx et al., 2005). Our results found 31% and 5%
specificities for MRI- and CT scans of the head, respectively, on identifying
meningitis-related findings. Our finding indicated MRI being more specific than
previously reported by Bineshfar et al. in 2022 with 16% specificity.

The treatment administered after the diagnosis of BM was effective with mostly
ceftriaxone and vancomycin due to lower mortality than previously reported
(Bijlsma et al., 2016). The efficacy was also highlighted by the fact that there were
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no bacterial acquired resistance to these antibiotics, as shown earlier with ceftriaxone
(Matulyte et al., 2020).

Community-acquired BM has been found to count for most BM cases with even
86% proportion, with S. pneumoniae being the most dominant pathogen in adults
(Block et al., 2022). Nosocomial BM, on the other hand, has been found to cover
varying proportions of all BM detected with 14-73% rate, most cases being
dominated by staphylococci. Proportions of nosocomial BM has been increasing
during the conjugate-vaccine era (Block et al., 2022; Kiyani et al., 2021; Sunwoo et
al., 2021). Insufficiency in antibiotic prophylaxis or perioperative aseptic measures
during neurosurgery may explain the current considerable proportion of patients with
nosocomial BM (Kiyani et al., 2021).

The proportion of patients with nosocomial BM (55%) was relatively high. Pre-
diagnostic antibiotic therapy was associated with unfavorable outcome. Explanation
of this finding could be that preoperative antibiotics are almost always administered
to patients ongoing neurosurgery, and they may suffer from adverse events related
to neurosurgery alone. Imaging with either MRI or CT of the head was associated
with unfavorable outcome, as severe symptoms on admission require more
frequently imaging to exclude other conditions or diseases. Prescription of oral
antibiotics at discharge was also associated with unfavorable outcome, perhaps due
to the more severe clinical presentation and the need for longer duration of antibiotic
therapy.

The frequency of an unfavorable outcome was 41% after BM and it was
compatible with previous study presenting the frequency of unfavorable outcome of
38%, but this previous European study excluded all cases of nosocomial BM
(Bijlsma et al., 2016). Previous research has reported mortality of BM to be 10—-17%,
but in our study the mortality was only 9% (Bijlsma et al., 2016; Polkowska et al.,
2017). A recent study from Lithuania found the likelihood of unfavorable outcome
(GOS 1-3 in their study) to be 16% and mortality of 6% (Matulyte et al., 2020). The
respective proportion for GOS 1-3 unfavorable outcomes in our study was 24%.
However, straight comparisons cannot be made, since the Lithuanian study excluded
patients with nosocomial BM. Additionally, Finland has mandatory military service
for most men, where has been reports of BM outbreaks during the past decades, but
in this study, there were not any reported cases related to military (Hannila-
Handelberg et al., 2015).

The proportion of nosocomial BM was high, and nosocomial BM requires often
surgical procedures with notable risks. To conclude, our results regarding
unfavorable outcome are compatible with previous studies (Gudina et al., 2018;
Matulyte et al., 2020; Sunwoo et al., 2021).

The global disease burden of BM is substantial especially in developing
countries. Prevention of BM with vaccines falls behind many other vaccine-
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preventable infectious diseases. Despite improvements of vaccine development
against pathogens of BM, corresponding figures of measles (93%) and tetanus (91%)
vaccination coverage, for example, suggests that this could be better also against BM
(Global Burden of Diseases, 2017).

6.2 Pediatric bacterial meningitis (study Il)

Study II found a low incidence of pediatric BM in Southwestern Finland.
Community acquired BM was uncommon in children 90 days to 15 years of age, but
the proportion of infants 0— 89 days of age with nosocomial BM was substantial.
Many individuals had a negative CSF and blood bacterial cultures. The outcomes in
both age groups were mostly good.

The incidence rates of BM among infants and children in Northern Sweden
between 2010-2015 were 1.9— 3.4/100 000 (Johansson Kostenniemi et al., 2019).
The incidence was highest in infants and lowest in adolescents in the previous study,
and it was slightly lower compared to our results in study II with incidence of
5.7/100 000/ year. The global incidence of pediatric BM has decreased since the
early 1990s and a crucial factor for this development has been the increased use of
vaccines against the predominant bacterium. Differences in the diagnostic
techniques, recording and definitions of BM have hampered the estimations of the
true incidence of BM and comparisons between studies. The pre-diagnostic use of
antibiotics was common in our study population and bacterial PCR tests on CSF
specimens were infrequently performed.

S. pneumoniae is a common bacterium causing BM in childhood. This was
investigated by a study from the United States that covered years from 1998 to 2007,
which found that S. pneumoniae is responsible for over a third of all BM in infants
and children (Thigpen et al., 2011). However, we found only three cases of BM
caused by S. pneumoniae in children aged 90days to 15years. The 10-valent
pneumococcal conjugate vaccine was introduced to the Finnish national vaccination
programme in 2010. This was followed by a swift decrease in the incidence of
pneumococcal meningitis in children in Finland: 54% in children 5-17 years of age
and 64% in children aged 0—4 years (Polkowska et al., 2021). Replacement by
serotypes not covered by the vaccine has been found mainly in older adults
(Polkowska et al., 2021). Although vaccines against N. meningitidis are not included
in the Finnish national vaccination programme for infants and children, only one
case of meningococcal BM was found in study II. Other studies have pointed that
meningococcal diseases may be more common in other European countries than in
Southwestern Finland. For instance, a study from Iceland reported that
N. meningitidis was the most frequent causative pathogen of BM (Snaebjarnardottir
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et al., 2013). No case of BM caused by Hib was found in study II, as it has
disappeared due to the wide coverage of vaccinations (Peltola et al., 1992).

Our study found that the incidence of BM in infants aged 0-89 days was high
compared to infants 0—60 days of age in another study (Thigpen et al., 2011). Our
incidence rate of 0.7 per 1000 live births was compatible with the estimated
incidences of neonatal BM of 0.3 per 1000 live births in high-income countries and
up to 3—6 per 1000 live births in low- and middle-income countries (Ku et al., 2015).
GBS and E. coli were the most frequent pathogens in infants. Noticeably, no BM
cases caused by L. monocytogenes were observed. Maternal GBS antibiotic
prophylaxis has been reported to be effective against early-onset disease, but not
against late-onset disease (Nusman et al., 2023). GBS vaccines are urgently needed
for mothers to prevent late-onset GBS disease (Delara et al., 2023).

Neonatal nosocomial infections can partly be prevented by breastfeeding,
probiotics, and strict infection prevention routines in neonatal units (Deshmukh &
Patole, 2021). The rapid initiation of antibiotic therapy for any suspicion of sepsis
may prevent the infection from developing into BM (Shane et al., 2017). Newborn
infants, especially those born prematurely, are regardless susceptible to invasive
bacterial infections, due to their immature and inexperienced innate and adaptive
immune systems. Preterm infants have also insufficient protection against infectious
pathogens through maternal immunity. Our findings demonstrated this, as 55% of
the infants were born prematurely and 14% of them before 28+0 and 18% between
28+0 and 31+6 weeks of pregnancy. Furthermore, in newborns, the innate cytokine
response against bacteria can be inadequate or, conversely, overwhelming and has
been associated with increased severity of the disease (Yu et al., 2018).

We discovered that 41% of the CSF cultures were positive for bacteria, and
negative cultures of CSF were associated with pre-diagnostic administering of
antibiotics before a lumbar puncture. Pre-diagnostic antibiotics were administered to
54% of the patients, compared to 35-46% rate in previous studies (Peltola et al.,
2022). Certain pathogens can be completely sterilized from CSF within two hours of
parenteral antibiotics and an interval of over six hours between administering
antibiotics and a lumbar puncture can decrease CSF culture positivity from 100% to
40% (Kim, 2010; Stevens et al., 2022). Using PCR techniques as well as culturing
bacteria from CSF has resulted in a more sensitive and rapid yield, compared to the
culture method alone (Leber et al., 2016). PCR of the CSF sample was not routinely
performed during our study period, but this data supports its use.

The rate of permanent hearing deficiency was 5%, which was lower than
previously documented (22-30%) by Arditi et al. in 1998. The reason for this finding
may have been the success of pneumococcal vaccines by decreasing the proportion
of pneumococcal BM, as S. pneumoniae is a key bacterium causing hearing loss after
BM (Arditi et al., 1998). The overall outcome was unfavorable in 14% of the
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pediatric population, and the result was compatible with previous studies with rates
between 10-18% (Baraff et al.,, 1993; Svendsen et al., 2020). We found that
nosocomial BM and preterm birth were associated with unfavorable outcomes
eight months after discharge. However, these results should be interpreted carefully,
because unfavorable outcomes only occurred in a small number of patients and the
results were based on univariate statistical analyses. Nevertheless, study II
highlighted the increased role of nosocomial BM and its potential to induce
significant long-term morbidity. Additionally, these findings supported previous
evidence that prematurity can predict unfavorable outcomes (Ouchenir et al., 2017).
There was no mortality in our study, but a larger study cohort would have provided
a more reliable estimate of the mortality rate. Worldwide, the mortality due to
pediatric BM has been reported to vary from 2% to 33% (Jung, 2022; Lovera et al.,
2022).

6.3 Post-neurosurgical meningitis (study III)

Study III enlightens the characteristics of PNM occurring after glioma surgery
among 345 patients. The incidence of PNM in this setting was 7%. Glioma grade
was not an independent risk factor for PNM, but low-grade gliomas had higher
incidence of PNM because of the higher proportion of reoperations. Reoperation and
revision surgery were independent risk factors for PNM.

Typically, individuals with high-grade gliomas are older and thus have more
comorbidities than younger patients (Natukka et al., 2019). Hence, it would be
probable that patients with high-grade gliomas would be more prone to PNM than
patients with low-grade gliomas.

Study III found that the rate of PNM was higher in low-grade gliomas when
compared to high-grade gliomas. Multivariable analysis revealed, however, that the
glioma grade was not an independent risk factor for PNM. PNM rate was in the upper
proportion when compared to earlier reported incidences of 0.5-8.9% (Dashti et al.,
2008; Korinek et al., 2008; Reichert et al., 2002). The perioperative procedures to
prevent infections during craniotomy need constant assessments and improvements.
The administration of prophylactic antibiotics at the beginning of the surgery has
been shown to be effective in prevention of postoperative superficial and deep
infections (Jackson et al., 2016). On the other hand, the usage of pre-diagnostic
antibiotics reduces the positivity rate of CSF culture, but the strategy would
nevertheless be supported (Corless et al., 2001). Cao et al. found in 2017 that the role
of prophylactic antibiotic administration was ineffective in prevention of
postoperative infections in cases of clean neurosurgery, and on the contrary the use
increased the proportions of multidrug-resistant bacteria and negative CSF cultures.
The previous study preferred the precise sewing techniques over prophylactic
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antibiotics, for example to prevent leakage of CSF, which may cause PNM (Cao et
al., 2017). The role of precise suturing should be kept in high regard. Combined
prophylactic antibiotic usage with vancomycin and cephalosporins seems to lower
the risk of surgical site infections (Corsini et al., 2022). Interestingly, the
administration of vancomycin powder has been shown to reduce postoperative
infections (Ravikumar et al., 2017). Furthermore, routine CSF sampling with
asymptomatic patients should be avoided (Hussein et al., 2017).

Bohman et al. published in 2009 a study, which found that there was no
statistically significant difference regarding survival between patients with or
without postoperative infections after glioma surgery. Two years later in 2011, De
Bonis et al. presented rather contradictory findings that postoperative infections may
in fact prolong the survival of patients after glioblastoma surgery, with medians of
16 months versus 30 months, maybe by activating the immune system. Another
study with a population of 3784 individuals found that there was no statistically
significant difference on survival between patients with or without postoperative
infections, with medians five months versus six months (Chen et al., 2017). After
all, the most recent study found that glioma patients with postoperative infections
tend to have 30% decreased overall survival (Salle et al., 2021). PNM after glioma
surgery frequently leads to delays in postoperative treatments such as radiotherapy
or chemotherapy, which is unfavorable (Salle et al., 2021). PNM also induces
prolongations of hospital stays and causes thus more costs (Hussein et al., 2017;
Kuwano et al., 2023).

Reoperations are a substantial risk factor for developing PNM after glioma
surgery (Chen et al., 2016; Korinek et al., 2008; Kuwano et al., 2023; Reichert et al.,
2002). Risks of reoperations should be noted and carefully considered individually.
Frailty has been recognized as an indicator of adverse outcome, post-operative
complications, and mortality in patients with glioblastoma, but unfortunately, we
were not capable to implement frailty-index in our study (Krenzlin et al., 2021; Zhu
et al., 2023). There were no statistically significant differences on developing PNM
with ASA classification or length of the surgery in our study, as previously reported
(Jackson et al., 2016). A more recent study found that ASA classification or glioma
grade were not statistically associated with increased risk of developing PNM
(Kuwano et al., 2023). It appears that glioma grade is not associated with
postoperative complications in general, which was the conclusion of a recent
publication as well (Morshed et al., 2022).

The demographic data of patients with and without PNM were rather similar,
which is important to pay attention to in clinical work. Study III showed that PNM
is a compartmentalized infection of the CNS, because even 98% of the blood cultures
remained negative.
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The rate of CSF culture positivity was 28%, which was slightly lower than
previously reported, 32% (Reichert et al., 2002). Lately the incidence of CSF culture
positive PNM has been decreasing according to a study performed in China in 2014,
where only 10% of individuals had a CSF culture positive PNM after craniotomy
(Chen et al., 2014). The use of multiplex or quantitative PCR techniques has been
shown to be more sensitive and specific methods detecting bacteria compared to CSF
culture, and these methods should be used more frequently in the future among PNM
patients (Corless et al., 2001).

Emergency surgeries were relatively rare (4%) in individuals undergoing
craniotomy for gliomas. The rate of PNM was higher in patients undergoing
emergency surgery, but there was no statistically significant difference compared to
individuals undergoing elective surgery (p=0.07). Old age and emergency surgeries
have been recognized as risk factors for PNM in earlier studies (Chen et al., 2016;
Tian et al., 2015). Surprisingly, we found that younger age of patients seemed to
controversially be a risk factor for PNM. The reason for this discovery may be that
younger patients undergo revision surgeries or reoperations more frequently, and
consequently they are at higher risk of developing PNM. Lastly, the incidence of
PNM has been reported highest during autumn and winter, which should be further
investigated in the future to determine the optimal time for surgeries (Tian et al.,
2015).

6.4 Strengths and limitations

This thesis has several strengths, including the massive number of variables collected
from study population in studies I and II. Additionally, study II has a follow-up
period of eight months to demonstrate the partly reversible condition regarding
possible neurological sequelae after BM. The number of variables from study Il was
lower compared to studies I and II, but the number of patients included were superior.
Furthermore, multivariable analysis was possible to perform in study III. The strict
definition of PNM in study III was a strength, and it probably ruled out all aseptic
meningitis cases.

This thesis has also limitations. Retrospective approach of this thesis may have
caused inaccuracies in data collection, and incorrectly reported clinical data is also
possible. Being a single-centre study is also a limitation, but the design enabled
uniform and detailed data collection and solid transfer to statistical analyses. The
number of subjects in study Il was rather small and heterogenic and there were
consequently small subgroups of children with BM, but our results do provide a
comprehensive overview of BM in infants and children in Southwestern Finland.

Using the GOS method with small infants and children may be difficult, and it
can also be challenging to differentiate moderate disability from mild disability using
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only medical data. Still, we believe that our main discovery of generally good
outcomes after BM was reliably determined by using the GOS method in pediatric
population. Unfortunately, we were not able to perform a follow-up assessment on
adult patients in study I. Additionally, we had no long-term follow-up data on
pediatric patients in study II nor the information on quality of life.

The patients included in this thesis may not represent the whole population of
infants, children, adults, and glioma patients in Finland. We were unable to exclude
the possibility of neurosurgical operations itself being the cause of complications or
unfavorable outcomes in some subjects during studies I and II.

6.5 General discussion and future aspects

The ultimate knowledge of pathogenesis of BM is essential to develop more efficient
prevention and treatment options for this notorious disease. Continuous efforts and
studies in animal models and human participants are needed to understand the
pathogenesis better (Tavares et al., 2022). The urgent need to develop new and more
specific treatment options for BM is obvious because of the increasing rate of
antibiotic resistant pathogens and serotype and serogroup shifts (Mook-Kanamori et
al., 2011; van de Beek et al., 2016, A). Even more broad-spectrum, protein-based
vaccinations are needed (Black et al., 2012). Also, in the era of increasing antibiotic
resistance, adjunctive therapy against BM with pharmacological compounds
excluding antibiotics would be interesting issues to further explore. The blockage of
complement cascade, especially complement C5, has been proposed to be one
promising method (Kasanmoentalib et al., 2015). Daptomycin is investigated for
pneumococcal meningitis along with ceftriaxone, because as a nonlytic antibiotic it
may be associated with less inflammation of the CNS, and thus the outcome of a BM
patient may be better (Grandgirard et al., 2007; Ribes et al., 2005; Wall et al., 2021).
MMP-inhibitors, possible neuroprotective characteristics of metformin and
adjunctive antipneumococcal therapy is being studied for possible therapies for BM
(Liechti et al., 2014; Morton et al., 2016; Muri et al., 2019).

Herd protection regarding conjugate vaccines is also essential especially for
infants and elderly, who cannot be completely immunized because of their young
age or having inadequate immunological responses for vaccinations (Bijlsma et al.,
2016; Bijlsma et al., 2014, B; Hsu et al., 2009; von Gottberg et al., 2014). Consistent
surveillance systems are needed globally to detect the effects of conjugate
vaccinations, and to detect emerging strains not affected by existing vaccinations
(van de Beek et al., 2016, A).

Regardless of the progression in prevention, diagnosis, and treatments of BM, it
remains a notorious and fatal infectious disease worldwide. Along with improved
prevention and treatment options, the rapid and efficient diagnostic methods play a
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key role in identification of this disease and enable rapid initiation of appropriate
treatments.

Wider use of nucleic acid amplification testing seems promising, as it can detect
a small number of pathogen DNA, especially in cases where antibiotic therapy is
administered before diagnostic testing. Indeed, a study by Meehan et al. in 2015
found that in infant population with previous maternal antibiotic administration, the
rate of PCR positivity was nearly 50%, while cultures remained negative. Another
study of BM caused by GBS found that PCR method resulted in a positivity rate of
64% in patients with negative CSF cultures (Geteneh et al., 2020). Accordingly,
clinicians cannot rule out BM with confidence based on solely CSF cultures
(Geteneh et al., 2020). However, there seems to be a few concerns regarding
multiplex PCR methods. Some studies have reported false positive and false negative
results, which should be considered while implementing standard protocols for the
diagnosis of BM (Fleischer & Aronson, 2020; Leber et al., 2016). While PCR
methods provide swift and effective assessment of wide range of bacteria, the need
for more comprehensive cohort studies regarding neonatal BM is needed to clinically
validate this method.

The use of next-generation sequence method has been increasing recently, and it
may prove to be the most accurate and rapid method yet to diagnose BM, as it is
completely unbiased and it is not limited by a previous selection of suspected
bacteria and it can detect potential pathogens in a single test, which is especially
important when the volume of the sample is limited, especially in cases of neonatal
BM (Ramchandar et al., 2021; Wilson et al., 2019). Whole-genome sequencing has
been proven an asset to tract the virulence, emergence, and pathophysiology of
bacterial species (Chewapreecha et al., 2014; Croucher et al., 2015). However, as
good as this method seems, it is time-consuming, costly, and requires notable
expertise to employ.

Differential diagnosis between aseptic meningitis, viral meningitis and BM
remains a continuing challenge. Numerous molecular markers have been proposed
to differentiate the diagnosis of BM, such as TNF-o and multiple interleukins. A
study with pediatric population found that the levels of TNF-a, interleukins 6 and 8
in CSF were remarkably higher compared to those with viral meningitis or control
population (Prasad et al., 2014), and TNF-a levels were found to be higher in BM
compared to aseptic meningitis in another study (Mukai et al., 2006). Additionally,
CSF heparin binding protein (HBP) seem a valuable candidate in diagnosing BM
and especially nosocomial meningitis, as it was found to have sensitivity of 97% and
specificity of 95%, and a positive prediction value of 93%. Furthermore, HBP levels
were not affected by previous antibiotic therapy, which has been problematic with
previous markers of BM, and this characteristic of HBP highlights its potential for
wider use in the future (Kong et al., 2022).
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The number of BM caused by L. monocytogenes detected in our studies was lower
than previously reported, as we reported only one case. Previous research has found
that listerial meningitis may cause even 9% of all BM worldwide (Davis, 2018). This
decrease may be the consequence of GBS intrapartum prophylaxis because the
antibiotics used for prophylaxis are effective also against L. monocytogenes (Lee et
al., 2016).

The prevention of GBS disease remains a constant challenge. Despite the success
of prophylactic intrapartum antibiotics, maternal GBS vaccinations seem as the most
promising and effective strategy to prevent serious GBS disease (Tavares et al.,
2022). A commercial vaccination to prevent GBS disease is not yet available, but
research considering possible candidates against different types of GBS is in process
(Carreras-Abad et al., 2020; Vekemans et al., 2019).

Although the hematogenous spread of bacteria to the meninges is the most
common pathway of meningeal infections, there are often no detected bacteria in
bloodstream. An intriguing explanation of this phenomenon could be that some
bacteria may reach the meninges via lymphatic network, and this possibility has not
received much value. For example, group A streptococcus and S. aureus have been
found to exploit lymphatic tropism (Bogoslowski et al., 2018; Bogolowski & Kubes,
2018; Lynskey et al., 2015).

As BM is associated with drier seasons worldwide, it is estimated that climate
change may impact the incidence of BM (Mazamay et al., 2020; Wall et al., 2014).
Severe acute respiratory syndrome coronavirus 2 -pandemic is estimated to lead in a
significant decrease in meningitis incidence due to recommended social distancing
protocols and more intense hygiene measures (Luciani et al., 2021; Wall et al., 2021).

The role of corticosteroids for treatment of BM remains an important subject of
studies. Valdoleiros et al. reported in 2022 that the use of steroids did not decrease
the rate of death, and they proposed that the decreased inflammatory reaction
induced by dexamethasone could reduce the penetration of vancomycin to CSF,
which was associated with higher rate of complications. If there seems to be a brain
abscess along with BM, corticosteroid treatment should be administered
immediately to decrease edema in the brain (Brouwer et al., 2014). Implementation
of vancomycin powder in neurosurgical operations would be interesting to study in
the future, as it has been shown to reduce postoperative infections (Ravikumar et al.,
2017).

In cases with multidrug resistant gram-negative bacteria, especially after
neurosurgical procedure, intraventricular antibiotic therapy along with intravenous
treatment were found to be more effective than intravenous treatment alone on
pathogen eradication and mortality, and this method should be further studied and
possibly implemented in standard guidelines in the future (Karvouniaris et al., 2018).
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In the future, comprehensive prospective studies are needed to better understand and
determine factors associated with outcomes after BM in pediatric population as well
as in adults and patients undergoing neurosurgery. Continuous research of the
clinical characteristics and causative pathogens of BM are needed to prevent,
identify and treat this constantly evolving notorious disease most efficiently.
Comparisons on the efficacy of various perioperative measures should also be
investigated in double blinded clinical trials. Long-term follow-up should be
implemented, and standardized questionnaires on quality of life should be
performed. Also, it would be beneficial to perform a multi-centre, international study
on BM patients with large number of patients.
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7 Conclusions

This thesis revealed that the incidence of BM was slightly higher in infants, children
and adults than previously reported. The incidence of PNM after glioma surgery was
in the upper proportion of previously reported incidences. This thesis updated the
etiology of BM in Finland by discovering that S. pneumoniae was the most frequent
causative bacteria among adult population and children over 90 days of age. GBS
and E. coli were the most common causative bacteria in infants 0-89 days of age,
while S. epidermidis and S. aureus were most frequently detected in patients with
PNM.

The proportions of nosocomial BM were higher than previously reported both in
pediatric and adult populations, and the administration of pre-diagnostic antibiotics
was frequent among all patients. Antibiotics were administered according to
recommendations, and there was no acquired resistance to ceftriaxone or
vancomycin, the most frequently used antibiotics in children and adults. Headache
was associated with unfavorable outcome in adult population, and pre-diagnostic
antibiotic administration predicted unfavorable outcomes, but the reasons may be
diverse. Physicians should pay attention to BM patients experiencing headache
which may be a symptom of a more advanced and serious disease. Pretermity and
nosocomial BM were statistically associated with unfavorable outcomes in pediatric
population. Reoperations and revision surgeries were independent risk factors for
PNM, and the rate of PNM was higher among low-grade gliomas.

The frequency of unfavorable outcome in adults was compatible with previous
research but considering pediatric subjects the frequency was lower than previously
reported. Mortality was lower compared to most previous studies among pediatric
and adult subjects. PCR of the CSF specimen should be routinely performed along
with culture method in the future, while the tests improve, become faster and
cheaper.

The overall management of BM patients is well performed according to relevant
guidelines and the treatment is effective in Southwestern Finland.
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Bacterial meningitis in adults: a retrospective =

study among 148 patients in an 8-year period
in a university hospital, Finland

Sakke Niemeld"®, Laura Lempinen®®, Eliisa Léyttyniemi*®, Jarmo Oksi‘® and Jussi Jero®

Abstract

Background Bacterial meningitis (BM) causes significant morbidity and mortality. We investigated predisposing
factors, clinical characteristics, spectrum of etiological bacteria, and clinical outcome of community-acquired and
nosocomial BM.

Methods In this retrospective study we analyzed data of 148 adults (age > 16 years) with BM treated in Turku Univer-
sity Hospital, Southwestern Finland, from 2011 to 2018. Besides culture- or polymerase chain reaction (PCR)-positive
cases we also included culture-negative cases with laboratory parameters strongly suggestive of BM and those with
meningitis-related findings in imaging. We used Glasgow Outcome Scale (GOS) score 1-4 to determine unfavorable
outcome.

Results The median age of patients was 57 years and 48.6% were male. Cerebrospinal fluid (CSF) culture for bacteria
showed positivity in 50 (33.8%) cases, although pre-diagnostic antibiotic use was frequent (85, 57.4%). The most com-
mon pathogens in CSF culture were Streptococcus pneumoniae (11, 7.4%), Staphylococcus epidermidis (7, 4.7%), Staphy-
lococcus aureus (6, 4.1%) and Neisseria meningitidis (6, 4.1%). Thirty-nine patients (26.4%) presented with the triad of
fever, headache, and neck stiffness. A neurosurgical procedure or an acute cerebral incident prior BM was recorded in
74 patients (50%). Most of the patients had nosocomial BM (82, 55.4%) and the rest (66, 44.6%) community-acquired
BM. Ceftriaxone and vancomycin were the most used antibiotics. Causative pathogens had resistances against the fol-
lowing antibiotics: cefuroxime with a frequency of 6.8%, ampicillin (6.1%), and tetracycline (6.1%). The case fatality rate
was 8.8% and the additional likelihood of unfavorable outcome 40.5%. Headache, decreased general condition, head
computed tomography (CT) and magnetic resonance imaging (MRI), hypertension, altered mental status, confusion,
operative treatment, neurological symptoms, pre-diagnostic antibiotic use and oral antibiotics on discharge were
associated with unfavorable outcome.

Conclusions The number of cases with nosocomial BM was surprisingly high and should be further investigated.
The usage of pre-diagnostic antibiotics was also quite high. Headache was associated with unfavorable outcome. The
frequency of unfavorable outcome of BM was 40.5%, although mortality in our patients was lower than in most previ-
ous studies.
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Background

Bacterial meningitis (BM) is a severe, life-threatening
infection, which causes notable morbidity and mortal-
ity [1]. Meningitis has many etiologies: bacteria, fungi,
viruses, and parasites or additionally it may be associ-
ated with cancerous conditions, medications or auto-
immune diseases [2]. Worldwide number of BM cases
may exceed 16 million cases, [3] with mortality up to
30% as estimated a few years ago [2, 4, 5].

BM can be classified into two groups; nosocomial
(including postoperative BM) or community acquired
[6]. The usage of conjugate vaccines during childhood
against Streptococcus pneumoniae, Neisseria menin-
gitidis and Haemophilus influenzae B, has significantly
diminished the overall incidence of BM worldwide [7,
8]. S. epidermidis and S. aureus have been the main
Gram stain positive cocci causing nosocomial men-
ingitis [9]. Recently, however, the proportion of Gram
stain negative bacteria such as Acinetobacter bauman-
nii, Klebsiella pneumoniae and Escherichia coli has
increased [10, 11]. BM cases rose between 2006 and
2016 with poverty being a strong predisposing factor
[2]. The geographical location affects the incidence sig-
nificantly though; in well-developed countries the inci-
dence has been lately 0.5-1.5/100,000/year [12—14], but
in developing countries the incidence may peak at even
1000/100,000 cases [2] due to epidemics [15-18].

The incidence is highest among young children and the
elderly [6]. In the past 20 years the incidence, management
and epidemiology of BM has changed [7]. The risk factors
of BM consist of immunosuppression, human immuno-
deficiency virus (HIV)-infection [19], indoor air pollu-
tion [20], overcrowded houses [21], malnutrition [22] and
sickle cell anemia [23]. The typical symptom triad of men-
ingitis consists of headache, fever and meningismus [6].
Meningitis requires instant treatment and intense medi-
cal attention. In recent years the use of adjunctive dexa-
methasone with antibiotics has been associated to lower
incidence of neurologic sequelae in survivors [6]. The
diagnosis of meningitis is confirmed by cerebrospinal fluid
(CSF) culture or polymerase chain reaction (PCR) on the
CSF specimen [6]. Survivors of BM often present a variety
of neurological difficulties afterwards, such as hearing loss
and deafness, cognitive impairment, motor deficiencies,
seizures, and paralysis [24].

Our aim was to study the epidemiology of BM in South-
western Finland and the significance of possible predis-
posing factors and indicators of unfavorable outcome.

Methods

The medical records of all patients over 16 years (n=148)
treated between 2011 and 2018 due to BM at Turku Uni-
versity Hospital, a tertiary referral center in the hospital
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district of Southwest Finland (480,000 inhabitants), were
retrospectively reviewed.

We performed a database search with International
Classification of Diseases 10th Revision (ICD-10)—
codes for meningitis (Table 1 legend). From 747 hits
we excluded all viral and aseptic meningitis by going
through clinical findings of all patients, test results on
blood and CSF specimens, and analysis of imaging data
one by one. Finally, 148 adults were included with all
types of BM: nosocomial and community-acquired. BM
was defined nosocomial, if the patient was already admit-
ted to hospital when developing BM or, if there was a his-
tory of surgery in the preceding 54 days. BM was defined
community-acquired if the patient had no history of
surgery or hospitalization during the preceding 54 days.
Most of the published studies on BM has collected data
on only CSF culture-positive meningitis, although it is
known that a considerable proportion of BM cases may
be culture-negative especially with antibiotics given pre-
diagnosis [25]. In this study, besides culture- or PCR-
positive cases we included cases with symptomatology of
BM with neutrophilic pleocytosis and at least one of the
following: decreased CSF glucose levels (<2.2 mmol/L),
high protein levels (>1000 mg/L) or high CSF lac-
tate levels (>3.0 mmol/L), and those with meningitis-
related findings in imaging. Neuroborreliosis cases were
excluded. All methods of data collection remained con-
sistent through 2011-2018.

A minimum of 2 ml CSF was gathered from adult
patients with suspected BM. First, the appropriate chem-
ical and cytological analyses were performed and a Gram
staining was performed to screen the potentials bacterial
pathogens. Then, the samples were centrifuged (2500g)
for 15 min, and a drop of sediment was spread over cul-
ture media—chocolate agar plates and sheep blood agar
plates. Moreover, a drop of sediment was added into fas-
tidious anaerobe broth (FAB). Also, if postoperative BM
was suspected, a fastidious anaerobe agar (FAA) plate
was cultured. The aerobic media were incubated at 35 °C
in 5% CO2 atmosphere. The aerobic plates and FAB were
read on the first and second day after the inoculation. If
no growth was detected, negative result was given. The
FAA plates were read on the second and fourth day after
the inoculation, after which the negative result was given
if no growth was detected. The media were further incu-
bated until total 7 days, and if growth was detected at
that point, the clinician was informed.

When growth was detected on any media, the pathogens
were identified with matrix-assisted laser-desorption-ion-
ization time-of-flight (MALDI-TOF) mass spectrometry
(MALDI Biotyper® System, Bruker Daltonics, Bremen,
Germany).
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Table 1 Baseline characteristics, underlying conditions, associated ~ Table 1 (continued)
background infections, and signs and symptoms of patients with

BM Variable ﬁg ?Ztsients
Variable :T ?Z;ients Psychic retardation 3(2%)
_ Pupil-asymmetry 3 (2%)
Demographics Babinski sign 2 (1.4%)
Age (years) 57.3 (median) Nystagmus 2 (1.4%)
Men 72 (48.6%) Eyes-fixed-gaze 2 (1.4%)
Finnish nationality 145 (98%) Hearing loss 1(0.7%)
Predisposing conditions Dysarthria 1(0.7%)
Sinusitis 7 (4.7%) Vertigo 1(0.7%)
Otitis 9(6.1%) Double vision 1(0.7%)
Dental infection 9 (6.1%) Strabismus 1(0.7%)
Neurosurgery-related infection 74 (50%) ICD-10 codes* for data search for BM
Brain abscess 6(4.1%) *A87.9, B94.80, G00.9, GO1*A32.1, GO1*A39.0, GO1*A69.2, G05.2*B83.2, A17.0,
Urinary tract infection 3(2%) A32.1, A87,B01.0+, B02.1, B05.1+, B37.5, B38.4+, B45.1, B94.80, GOO, GO1, G02,
Recurrent meningitis 7 (4.7%) G03, 605
Smoking 21 (14.2%)
Alcohol overuse 18(12.2%) Species-specific PCR-methods were not available for
Sepsis 42 (284%) bacteria in our hospital. When requested by the clini-
Cancer 22 (14.9%) cian, general PCR for bacteria (16S rRNA—ribosomal
Diabetes (type I and Il) 17.(11.5%) ribonucleic acid-sequencing) was used to identify bac-
Hypertension 44 (29.7%) terial pathogens from CSF. Bacterial deoxyribonucleic
Asthma 7 (4.7%) acid (DNA) was isolated in our laboratory and sent for
Previous operative treatment 67 (45.3%) sequencing to Eurofins Genomics laboratory (Ebersberg,
Mental disability 1(0.7%) Germany) and the resulting DNA sequence was com-

Respiratory infections

pared with BLAST-software (https://blast.ncbi.nlm.nih.

Pneumonia 15(10.1%) gov) to GeneBank database.
Bronchitis 1(07%) Blood culture samples were collected into Bactec™
Aspergillosis 1(0.7%) Plus Aerobic/F and Bactec™ Plus anaerobic/F bottles (BD
Upper respiratory 15(10.1%) Diagnostic Systems, Sparks, Maryland, USA). The bottles
Tonsillitis 1(0.7%) were incubated in Bactec™ 9240 or Bactec" FX culture
Skin infections system (BD Diagnostic Systems), for 120 h or until sig-
Head area 11 (7.4%) naled positive. The bacteria were identified by MALDI
Other 11 (7.4%) Biotyper® System (Bruker Daltonics, Bremen, Germany).
History of acute illness Disk diffusion, minimum inhibitory concentration
Seizures prior admission to hospital 8(54%) (MIC) gradient -method and the VITEK® 2 Compact

Pre-diagnostic antibiotic
Pre-diagnostic corticosteroids

Clinical findings at admission to hospital

85 (57.4%)
33 (22.3%)

automated ID/AST system (bioMerieux E-test) were
used to analyze susceptibility to variety of antibiotics.
The results were interpreted in accordance with the Euro-

Decreased general condition 90 (60.8%) pean Committee on Antimicrobial Susceptibility Testing
Decreased consciousness 62 (41.9%) (EUCAST) guidelines.

Fever 123 (83.1%) Imaging data was interpreted by radiologists. Patients
Headache 83 (56.1%) with meningitis-related findings in imaging according to
Neck stiffness 73 (49.3%) radiologists were included.

Triad of fever, headache, and neck stiffness 39 (26.4%) We defined a scale on outcome with Glasgow Out-
Triad of fever, neck stiffness and altered mental status 20 (13.5%) come Scale (GOS-1=death, 2 =vegetative state—unable
Vomiting 36 (24.3%) to interact with the environment, 3 =severe disability—
Skin color change 12(8.1%) unable to live independently, 4=moderate disability—
Confusion 58 (39.2%) can live independently but unable to return to previous
Aphasia or dysphasia 13 (8.8%) work, 5=mild or no disability) at discharge. Unfavorable

Visual deviation

3 (2%)

outcome was chosen to be scores 1-4.
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Statistical analysis

The categorical variables are summarized with counts
and percentages (%), continuous variables with range,
mean for normally distributed variable or median
otherwise.

To find out factors affecting to unfavorable outcome
(GOS scores 1-4), log binomial model was performed
separately for each factor (univariate approach) and
reported with relative risk (and it’s 95% confidence inter-
vals, CI) together with p-value. All tested factors are pre-
sented in Additional file 1.

Association with two categorical variables was tested
with Fisher’s exact test.

The data analysis was generated using SAS software,
Version 9.4 of the SAS System for Windows (SAS Insti-
tute Inc., Cary, NC, USA).

Results

Background

The medical records of 148 adults with BM were included
in this study. There were 72 (48.6%) males and 76 (51.4%)
females. Median age was 57.3 years (range 16-95).
Almost all (145, 98%) of patients were of Finnish nation-
ality. Baseline characteristics, underlying conditions,
associated background infections, and signs and symp-
toms of patients on admission are presented in Table 1.
The age distribution is presented in Fig. 1.

Most patients were first contacted with hospital emer-
gency department (120, 81.1%) and some to local health
center (24, 16.2%) and a few with private medical clin-
ics (4, 2.7%). Most individuals had nosocomial BM (82,
55.4%) and the rest (66, 44.6%) community-acquired BM.
Neurosurgical procedure or acute cerebral incident prior
BM were seen in 74 patients (50%). Forty-nine patients
(33.1%) had no previous infection or operation. Nine
patients (6.1%) had otogenic, another 9 patients (6.1%)
odontogenic, and seven patients (4.7%) sinonasal eti-
ology of BM. Seven patients (4.7%) had recurrent BM.
Almost all cases were diagnosed in the hospital district
of Southwest Finland (139, 93.9%), but 9 patients (6.1%)
were transferred to our hospital from regional hospitals
elsewhere. Vaccination coverage was poorly mentioned
in the patient records, only one (0.7%) was reported to
having received all vaccinations in the Finnish national
vaccination program.

Active cancer, diabetes, lower and upper respiratory
infections, excessive alcohol use, smoking, and skin
infections were frequent (Table 1.) Sixty-seven patients
(45.3%) had previous surgery and two (1.4%) of them
were ear related.
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Clinical picture

The median length of symptoms before admission to
hospital was one day (mean 2.34; range 0-30 days). Eight
patients (5.4%) had previous seizures (3 generalized, 1
focal, 4 undefined) prior admission to hospital. In the
emergency department 8 (5.4%) patients had seizures.
Decreased level of consciousness was observed in 62
(41.9%) patients, 4 of them being in coma—one in a venti-
lator and three sedated due to difficult general condition.
Eighteen patients (12.2%) had two or three neurological
symptoms simultaneously. One (0.7%) monoparesis and
two (1.4%) hemiparesis were observed, but those were
related to acute ischemic brain attack prior to BM. Skin
color changes were observed in 12 (8.1%) patients: pete-
chiae in 9, marble skin in 2 patients (1.4%), and in one
patient yellowish skin. All signs and symptoms are pre-
sented in Table 1.

Laboratory results
Blood, plasma, and CSF laboratory results are presented
in Table 2.

Causative pathogens

Blood culture for bacteria was positive with 42 (28.4%)
patients. CSF culture for bacteria was performed in 146
(98.7%) cases showing positivity in 50 (33.8%) cases.
PCR of CSF samples was performed with 46 individu-
als (31.1%) showing positivity in 10 (20.4%) cases. Same
pathogen in CSF and in blood was detected in 17 (11.5%)
individuals. The most common pathogens were S. pneu-
moniae (11, 7.4%), S. epidermidis (7, 4.7%), S. aureus (6,
4.1%), N. meningitidis (6, 4.1%) and Klebsiella spp. (5,
3.4%). S. epidermidis was defined as a causative pathogen
of BM if the patient had BM symptoms, CSF culture or
PCR was positive for S. epidermidis and there was simul-
taneous CSF pleocytosis. Culture method was used to
identify seven S. epidermidis cases and PCR was used
once.

There were nine (6.1%) Gram stain negative rods cul-
tured from CSF in our study: Five Klebsiella spp, one
each H. influenzae, Citrobacter koseri, Pseudomonas
aeruginosa and Capnocytophaga cynodegmi. Pasteurella
multocida was detected once with PCR.

All causative pathogens cultured from CSF are pre-
sented in Fig. 1. Besides from CSF, bacteria were cul-
tured from other sources. Most common pathogens
retrieved from blood were S. pneumoniae (12, 28.6%),
S. aureus (7, 16.7%), S. pyogenes (5, 11.9%), N. men-
ingitidis (4, 9.5%), S. epidermidis and S. agalactiae
(both 3, 7.1%). Klebsiella spp, H. influenzae, S. sali-
varius, Anaerobic streptococci, E. cloacae, P. multocida,
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Median age was 57.3 years and mean 54.4 years
(range 16-95 years). The most common age groups
with BM were individuals between 46-65 years (n=64,
43.2%), 66 years or older (n=40, 27%), and 26-45
years (n=29, 19.6%). The smallest age group was 16-
25 years old patients (n=15, 10%).

Fig. 1 A Incidence of bacterial meningitis. B Bacteria cultured from CSF by year of meningitis. Panel C. Bacteria from CSF culture by age groups

Staphylococcus pettenkoferi, and A. baumannii were all
detected once.

Pathogens most cultured from pus (from ear, sinuses,
neurosurgical wound, or abscess) were S. aureus (3,
17.6%) and S. pyogenes (2, 11.8%). S. pneumoniae, S.
epidermidis, Klebsiella spp, S. agalactiae, a-haemolytic
streptococci, S. intermedius, H. influenzae, P. aerugi-
nosa, E. cloacae, Raoultella spp, Eikenella corrodens
and Serratia marcescens were all detected once.

Staphylococcus epidermidis (4, 66.7%) was responsible
for most cultured pathogens from intracranial material.
Propionibacterium and S. aureus were detected once.

Intracranial material was defined as cannula, shunt, or
suture. In 7 (4.7%) cases the bacterium was detected by
PCR from a CSF specimen when culture was negative;
N. meningitidis (3), S. epidermidis (1), P. multocida (1),
Cellulosimicrobium (1) and Bacillus cereus (1). In three
(2%) cases two different pathogens were simultaneously
detected in the CSF.

Antibiotic resistance

CSF pathogens causing BM were most likely resistant
to cefuroxime (10, 6.8%), ampicillin (9, 6.1%) and tetra-
cycline (9, 6.1%). All CSF culture resistance profiles are
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Table 2 Values of fundamental laboratory results at admission to

hospital

Laboratory results Median Normal values
C-reactive protein (mg/L) 61 <10

Leukocyte count in blood (x 10%/L) 12.2 34-82

Plasma glucose (mmol/L) 6.0 <6.0
Leukocyte count in CSF (x 10%/L) 566 0-5
Granulocyte percentage in CSF (%) 75 0

Glucose levels in CSF (mmol/L) 15 22-42

Lactate levels in CSF (mmol/L) 5.7 1.1-22

Protein levels in CSF (mg/L) 1563 150-650

shown in Fig. 2 Panel A. Seven (4.7%) bacteria from CSF
were resistant to one antibiotic, three (2%) to two differ-
ent antibiotics, one (0.7%) to three different antibiotics,
five (3.4%) to four different antibiotics, two (1.4%) to six
different antibiotics, three (2%) to eight different antibi-
otics, three (2%) to 11 different antibiotics and one (0.7%)
to 12 different antibiotics. It is worth noticing that there
were no species of bacteria resistant to vancomycin or
ceftriaxone. Multi-drug resistance (resistance to three or
more antibiotics) was seen in 13 (8.8%) patients, mostly
patients with nosocomial BM (8, 5.4%).

In other samples (blood, pus or intracranial material),
30 (20.3%) cases presented resistance to at least one anti-
biotic was detected. More specifically, 13 (8.8%) bacterial
species were resistant to one antibiotic, and 4 (2.7%) to
two, 2 (1.4%) to three, 5 (3.4%) to four, 2 (1.4%) to six, and
2 (1.4%) to seven different antibiotics. On one occasion
each, resistance was detected to eight, nine and 11 dif-
ferent antibiotics. There were six (4%) coexistent fungal
infections.

PANEL A
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Imaging

On admission, head CT was performed to most patients
(119, 80.4%) and MRI to 26 (17.6%) patients. In 14 (9.5%)
cases imaging findings were consistent with meningitis,
e.g., leptomeningeal or pachymeningeal intensification,
most frequently seen with MRI (8, 57.1%), but also with
CT (6, 42.9%), presenting specificity of 30.8% with MRI
and 5.0% with CT. In 15 (10.1%) patients imaging showed
findings consistent with elevated intracranial pres-
sure. Imaging controls were performed most frequently
by MRI (62, 41.9%). CT controls were performed to 43
(29.1%) patients. Fifty (33.8%) patients had at least once
imaging control performed 1 month to two years after
discharge from hospital.

Treatment

Pre-diagnostic antibiotics, including perioperative ones,
were given to 85 (57.4%) patients. Of them, 49 (57.6%)
suffered from postoperative meningitis.

Pre-diagnostic corticosteroids were used with 33
(22.3%) patients: tablets, intravenous products, inhala-
tors, nasal sprays, and intravenous products, in 19, 10,
3, and 1 patient, respectively. The most frequent corti-
costeroid used was dexamethasone (12, 8.1%) followed
by hydrocortisone, betamethasone, prednisolone, fluti-
casone propionate, methyl prednisolone, mometasone
furoate and fludrocortisone, with 5, 5, 4, 3, 2, 1, and 1
patient, respectively. In 23 (15.5%) patients’ treatment
with acyclovir was initiated on admission.

After the diagnosis of BM, ceftriaxone was the most
frequently used empiric antibiotic regimen (117 cases,
79.1%), followed by meropenem and vancomycin with
11 (7.4%) cases each. Altogether 11 different antibiotics
were used as a first choice. The most used second anti-
biotic in conjunction with the first one was vancomycin
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Fig. 2 A Antibiotic resistant bacterium species cultured from CSF. B Quantity of patients with antibiotics used intravenously after the diagnosis of

bacterial meningitis
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(93, 62.8%), meropenem (11, 7.4%), doxycycline (8, 5.4%),
ampicillin and clindamycin (both 5, 3.4%). Antibiotic
monotherapy was given to 13 (8.8%) patients. Eighteen
patients received three-modal antibiotic therapy with the
most common third antibiotic being ampicillin (8, 5.4%).
The total number of intravenous antibiotics used are
shown in Fig. 2. Ceftriaxone and vancomycin were the
most used empiric antibiotics among all occasions and so
were them also after confirmed etiology.

The most common number of different concomitant
antibiotics used were three (50, 33.8%), two (34, 23%),
four (22, 14.9%), five (19, 12.8%), seven (8, 5.4%), six (6,
4.1%), eight and nine (both 3, 2%), one (2, 1.4%) and ten
(1, 0.7%). The numbers include perioperative, intrave-
nous, and in some cases oral antibiotics at discharge.

After the diagnosis of BM, corticosteroids were used in
79 patients (53.4%). Operative treatment was required for
56 (37.8%) patients with most cases being neurosurgical.
Mastoidectomy was performed to six (4.1%) patients of
whom all had otogenic meningitis.

The median duration of intravenous antibiotic treat-
ment was 18 days (range 2—125). At discharge, 29 (19.6%)
patients were prescribed oral antibiotics with the dura-
tion ranging commonly from 5 to 30 days, and in a few
patients for 100-270 days as a suppressive antibiotic
treatment for various reasons. Five most common oral
antibiotics used were amoxicillin clavulanic acid (5, 3.4%)
followed by clindamycin, moxifloxacin, penicillin and
cefalexin (all 4, 2.7%). Median value of the days on anti-
biotics (combined all intravenous and oral) was 21 days.

Outcome

The median length of hospital stay was 20 days. Neuro-
logical sequelae after BM a total of 49 patients (33.1%)
had developed at least one neurological deficit at the
time of discharge. Most common deficits were memory
difficulties (15, 10.1%), mental regression (13, 8.8%), dys-
phasia or aphasia (9, 6.1%), visual disorders (9, 6.1%), ver-
tigo and hydrocephalus (7, 4.7% each), decreased level of
consciousness (5, 3.4%), hemiparesis and change in per-
sonality (4, 2.7%). Twelve (8.1%) patients had their hear-
ing checked with audiogram during their hospital stay.
In the period from the moment of discharge to one-year
control visit, eight (5.4%) patients had permanent hear-
ing impairment. There was no deafness diagnosed in any
patient. Naturally, most of the neurological sequelae were
related to neurosurgical procedures.

Fourteen patients (9.5%) died (GOS score 1), all but
one directly to BM. From the survivors 5 (3.4% of all
patients), 18 (12.2%), 23 (15.6%) and 89 (60.1%) patients
had the GOS score 2, 3, 4, and 5, respectively. In total,
40.5% (60/148) had unfavorable outcome (GOS scores
1-4). 30-day all-cause mortality was 10.8% with one-year
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and two-year overall mortality being 14.2% and 19.6%,
respectively.

Patients who suffered from otogenic meningitis had
unfavorable outcome likelihood of 22.2%, those from
sinonasal meningitis 28.6%, from odontogenic meningi-
tis 33.3%, from neurosurgery-related meningitis 44.6%
and patients with no specific source of infection 38.8%.
CSF-culture appeared to be most frequently negative
with neurosurgery-related meningitis with 16/58 (21.6%)
individuals.

Headache (p=0.0001, 95% CI 0.16-0.35), decreased
general condition (p=0.0001, 95% CI 0.23-0.67), head
CT (p=0.0001, 95% CI 0.073-0.64) and MRI (p =0.040,
95% CI 0.92-4.0), hypertension (p=0.0002, 95% CI 0.34—
0.70), altered mental status (p=0.0002, 95% CI 0.47—
0.73), confusion (p=0.0011, 95% CI 0.36—0.78), operative
treatment (p=0.012, 95% CI 0.42-0.89), neurological
symptoms (p=0.023, 95% CI 0.44—0.93), pre-diagnostic
antibiotic use (p=10.026, 95% Cl 0.40—0.97) and oral anti-
biotics on discharge (p=0.039, 95% CI 0.94-3.6) were
correlated with unfavorable outcome.

All statistical analyses are shown in Additional file 1.

Discussion

This study shows extensively the variety of clinical pic-
ture, pathogens, and outcome of infection with differ-
ent etiologies of BM in Southwestern Finland. Our study
included all types of meningitis, culture-positive and
-negative cases of BM, covering larger entities than if
only culture-positive meningitis were included [25]. Due
to severity of the disease it’s essential to regularly evalu-
ate possible predictors of unfavorable outcome.

S. pneumoniae was the most frequently (11, 7.4%)
detected pathogen confirming the results of earlier stud-
ies [26, 27]. In addition to S. pneumoniae, N. menin-
gitidis is a common causative pathogen of BM in all age
groups presented earlier [28], but in our study the N.
meningitidis cases were most commonly seen with young
adults aged 16-25 years. Surprisingly there were only
one Listeria monocytogenes and H. influenzae meningitis
although it is shown that these pathogens cause around
9% and 7% of BM worldwide, respectively [6]. Still, it is
possible that patients with septicemia and concomitant
meningitis had an ICD-10 diagnosis number of only sep-
sis in their patient records.

We presented median CSF leucocyte count of
566 x 10%/L. and median protein levels of 1563 mg/L.
However, even normal CSF leucocyte levels can indicate
BM, especially combined with high protein levels. In
those cases, the outcome may be even worse than nor-
mally, with incidence of unfavorable outcome even 59%
and mortality 31% [29].
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In 2011 to 2018 we found seven patients with culture-
negative CSF specimens positive for bacteria with PCR,
a technique shown to be a lot more sensitive than cul-
ture [25]. CSF culture has shown varying sensitivities of
43-85%, and a specificity up to 97%, at least in patients
without the use of pre-diagnostic antibiotics [30—32]. The
use of antibiotics reduces the identification of pathogens
at least by 30% [33]. Compared to culture, multiplex or
quantitative PCR has shown up to two-fold better sensi-
tivities and specificities up to 100% [31, 33]. Our results
of CSF culture positivity (33.8%) are compatible with
previous studies, especially with frequently used pre-
diagnostic antibiotics (57.4%). Our 16sRNA based PCR
method presented clearly inferior to newer methods
described below. CT was used with most patients (80.4%)
and MRI with only 17.6% of patients, which may be due
to lack of resources for use of MRI-equipment and the
need for quicker results. Our results presented 30.8% and
5.0% specificity with MRI and CT, respectively, on iden-
tifying meningitis-related findings in imaging. Previous
study indicated MRI being more specific but with a lower
specificity of 16% [34].

Previous studies have shown that CSF sterilization
may occur in hours after using parenteral antibiotics.
Meningococci may be sterilized within 2 h and pneumo-
cocci within 4 h after administering parenteral antibiotic
therapy [35]. Our results showed pre-diagnostic antibi-
otic use correlated with both negative blood- and CSF
culture. Positive blood culture was correlated with posi-
tive CSF culture. Therefore, in some cases pre-diagnostic
administration of antibiotics before lumbar puncture may
cause lack of detectable bacteria despite BM. However, in
emergency situations such as sepsis and suspicion of BM
the fast administration of antibiotics is essential [36].

Triad of fever, neck stiffness and altered mental status
has been previously reported with 41-59% BM cases
[37, 38]. In our study, the prevalence of the presenta-
tion with this triad was much lower (13.5%). However,
another triad—fever, neck stiffness and headache—was
more frequent (39, 26.4%). Therefore, it is clear that the
absence of the classical triad cannot be used to rule out
the possibility of BM. In an older study headache was not
reported to be correlated with unfavorable outcome [26],
but with a more recent study [37] headache was corre-
lated with unfavorable outcome, as was the case also in
our study. Therefore, clinicians should pay even more
attention to BM patients suffering from headache and
not only altered mental status, which may be a sign of a
more advanced disease.

The treatment administered after the diagnosis of BM
remained highly efficacious due to the lack of resistance
of bacteria to the most used antibiotics ceftriaxone and
vancomycin, as proved earlier with ceftriaxone [37].
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Community-acquired BM has been shown to cover
most of BM cases with even proportion of 86%, with
pneumococci being responsible for most of the epi-
sodes in adults. Nosocomial BM, on the other hand, has
been shown to cover varying proportions of all BM with
14%-73%, most cases being staphylococci dominant.
Nosocomial BM cases has seen an increase during the
conjugate-vaccine era [39—42]. Insufficiency of antibiotic
prophylaxis in neurosurgical operations may explain pre-
sent considerable proportion of individuals with nosoco-
mial BM [41].

The number of cases with nosocomial BM was rela-
tively high. This is planned to be a topic of our further
research. Pre-diagnostic antibiotic use seems to be linked
with unfavorable outcome. This may be due to preopera-
tive antibiotics given to patients with neurosurgery and
the operative risks. Neurological symptoms and con-
fusion were associated with unfavorable outcome, as
presented earlier [39]. Severe symptoms on admission
require more often imaging to exclude other disorders,
therefore relating both logically to unfavorable outcome.
Oral antibiotics prescribed at discharge were also corre-
lated with unfavorable outcome, probably due to more
severe clinical picture and the need for longer antibiotic
therapy.

The frequency of unfavorable outcome of BM being
40.5% in our study was compatible with previous
research showing the frequency of 38% [26], but this pre-
vious European study excluded all cases with nosocomial
meningitis. Previous studies have reported overall mor-
tality of 10-17% [26, 27], but in our study the mortality
was only 8.8%. A recent study [37] from Lithuania pre-
sented likelihood of unfavorable outcome (GOS 1-3 in
their study) to be 15.7% and a mortality (GOS 1) of 5.7%.
For comparison, the respective proportions in our study
were 24.3% for GOS 1-3 and mortality (GOS 1) of 8.8%.
However, straight comparison cannot be done, since we
also included patients with nosocomial BM.

Nosocomial meningitis requires often surgical inter-
vention with significant risks. Therefore, it could be
interpreted that our results of unfavorable outcome are
compatible with previous studies [37, 39, 43].

The worldwide disease burden of BM is high especially
in developing countries. Prevention of the disease with
vaccines falls behind many other vaccine-preventable
notorious diseases. Despite good progress of vaccine
development against pathogens of BM, corresponding
figures of measles (93.0%) and tetanus (90.7%) vaccina-
tion coverage imply that against BM also this could be
better [44].

Our study has limitations. The fact that it was a sin-
gle center study, is a limitation due to somewhat small
number of patients, but the design allows uniform data
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collection and reliable transfer to analyses. Retrospec-
tive nature of this study may have caused inaccurate data
collection in some cases. Our patients may not represent
the whole population of patients in Finland. Also, we are
unable to exclude the possibility of neurosurgery itself
causing unfavorable outcome on patients. In the future,
comprehensive prospective studies are needed to better
determine prognostic factors of BM.

Conclusions

Streptococcus pneumoniae was the most frequent causa-
tive pathogen of BM in our study. The proportion of
nosocomial BM was surprisingly high, and so was the
use of pre-diagnostic antibiotics. Ceftriaxone and vanco-
mycin were the most used antibiotics, and no pathogen
presented resistance to them. Headache was associated
with unfavorable outcome. Pre-diagnostic antibiotic use
predicted unfavorable outcomes, but the reasons may be
multifactorial.

The likelihood of unfavorable outcome was compatible
with previous studies. However, mortality in our patients
was lower than in most previous studies.

The need for developing vaccines against wider spec-
trum of pathogens causing BM remains of utmost impor-
tance. Further research is needed on risk factors, pre- and
perioperative antibiotic prophylaxis, and knowledge on
different causative pathogens of meningitis to specify
appropriate treatments, to recognize special populations,
and to improve recovery of patients with BM [2].
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Abstract

Aim: This study examined the predisposing factors, clinical picture, bacterial aetiology
and clinical outcomes of infants and children with bacterial meningitis (BM).
Methods: The medical records of patients under 16years of age, treated by Turku
University Hospital, Finland, from 2011 to 2018, were screened for meningitis using
the International Classification of Diseases, Tenth Revision codes. Patients were in-
cluded if bacteria were detected in cerebrospinal fluid (CSF) or other predefined labo-
ratory variables indicated BM, despite CSF testing negative for bacteria. The Glasgow
QOutcome Scale (GOS) was used to determine outcomes.

Results: We identified 37 children with BM: 22 infants aged 0-89 days and 15 chil-
dren aged 90days to 15years. The overall incidence was approximately 5.7/100000/
year. Nosocomial meningitis was documented in 51%. Bacterial growth was detected
in the CSF or blood cultures of the majority of patients (57%). Escherichia coli (14%),
group B streptococcus (11%) and Streptococcus pneumoniae (8%) were the most com-
mon pathogens. There were 14% of patients with unfavourable outcomes, namely
GOS scores of 1-4, but no deaths.

Conclusion: The incidence of paediatric BM was low during the study period, but the
proportion of nosocomial meningitis was substantial. The frequency of unfavourable

long-term outcomes was relatively low.

KEYWORDS
bacterial meningitis, Glasgow Outcome Scale, group B streptococcus, nosocomial infection,
Streptococcus pneumoniae

Abbreviations: BM, bacterial meningitis; CSF, cerebrospinal fluid; GBS, group B streptococcus; GOS, Glasgow Outcome Scale; Hib, Haemophilus influenzae type b; ICD-10, International
Classification of Diseases, Tenth Revision; PCR, polymerase chain reaction.
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1 | INTRODUCTION

Bacterial meningitis (BM) is the tenth most common cause of death
in children under 5years of age in the world and causes significant
morbidity and mortality worldwide.? Group B streptococcus (GBS)
and Escherichia coli have dominated the bacterial aetiology in infants
from O to 89days of age. Since universal vaccinations, Streptococ-
cus pneumoniae and Neisseria meningitidis have been the most im-
portant causative agents in children and adolescents over that age.
Haemophilus influenzae type b (Hib) was also on that list before BM
immunisation.!?

The incidence of BM has decreased substantially in areas with high
vaccination coverage against S.pneumoniae, N. meningitidis and Hib. In
the Netherlands, the implementation of Hib vaccination has reduced
the incidence of BM caused by H.influenzae from 1.44 to 0.04 epi-
sodes per 100000 population per year.? In the USA, the Hib conjugate
vaccine was associated with a 55% reduction in bacterial meningitis
in the early 1990s and the 7-valent pneumococcal conjugate vaccine
was associated with a 59% reduction in pneumococcal meningitis in
children.®* The implementation of the meningococcal group C vac-
cination has also been effective in the Netherlands. It decreased the
incidence of N.meningitidis meningitis from 2.87 to 0.20 per 100000
individuals between 1989-1993 and 2014-2019.2 Neonatal BM is
more difficult to prevent, because maternal intrapartum antibiotic
prophylaxis does not protect children from late-onset GBS disease.’

Meningitis survivors risk neurological sequelae, such as hearing
loss, cerebral palsy and mental retardation.® Although hearing loss can
spontaneously improve, studies have reported that it was permanent
in around 30% of pneumococcal meningitis survivors.”® Prematurity,
male gender and seizures are predictors of unfavourable outcomes in
neonates.” Data about the prognosis of BM in high-income countries
has been scarce and continuously affected by changing epidemiology
and improvements in diagnostics and treatment.

Our aim was to describe the epidemiology of paediatric BM pa-
tients treated at Turku University Hospital, Finland, from 2011 to
2018. We also evaluated the predisposing factors, aetiology, clinical
manifestations and treatment of BM, together with indicators of un-
favourable outcomes.

2 | METHODS

2.1 | Study design

Turku University Hospital is a tertiary referral centre in the Hospi-
tal District of Southwest Finland, which also receives patients from
Western Finland. At the time of the study, its catchment area was
approximately 480000 people, including 75000 children below
16years of age, and some 4000 live births per year. We performed
a database search of patients under 16years of age who were hos-
pitalised between 1 January 2011 and 31 December 2018 using
the International Classification of Diseases, Tenth Revision (ICD-10)
codes for meningitis: A87.9, B94.80, G00.9, G01*A32.1, GO1*A39.0,

Key notes

e We examined bacterial meningitis (BM) in 22 infants
aged 0-89 days and 15 children aged 90days to 15 years.

e Bacterial growth was detected in the cerebrospinal
fluid or blood cultures of 57% and Escherichia coli (14%),
group B streptococcus (11%) and Streptococcus pneumo-
niae (8%) were the most common pathogens.

e There were 14% with unfavourable outcomes, defined

as Glasgow Outcome Scale scores of 1-4, but no deaths.

GO1*A69.2, G05.2*B83.2, A17.0, A32.1, A87, B01.0+, B02.1,
B05.1+, B37.5, B38.4+, B45.1, B94.80, GOO, GO1, G02, GO3, GO5.
The children's medical records were reviewed. Meningitis caused
by non-bacterial pathogens, such as viruses, fungi or parasites
were excluded and so were neuroborreliosis cases. We included
cases with positive cerebrospinal fluid (CSF) cultures or polymer-
ase chain reaction (PCR) results with an ICD-10 code for meningi-
tis. Previous research has found that a substantial proportion of BM
cases were culture-negative, because of pre-diagnostic antibiotic
therapy or other causes.’® Therefore, we also included CSF culture-
negative patients with clinical symptoms of BM and CSF pleocytosis
(>30x 10%/L). They also had to have at least one of the following
laboratory findings: a positive blood bacterial culture, a high CSF
protein level (>1000mg/L) or elevated plasma C-reactive protein
(>50mg/L). The inclusion criteria for neonatal early-onset BM cases,
defined as 0-6days of age, were clinical symptoms of BM and a CSF
leucocyte count of >30x10%/L. In CSF Staphylococcus epidermidis
was considered to be a causative agent of BM if the patient was hav-
ing BM symptoms and there was simultaneous CSF pleocytosis.

Of the 149 children with an ICD-10 code for meningitis, 37 had
a confirmed case of BM and were included in the study. The ICD-10
codes for meningitis included viral, aseptic and bacterial meningitis.
The patients who were excluded had a confirmed or probable case
of viral or aseptic meningitis or they did not fill the inclusion crite-
ria for BM. The patients were then classified into two age groups:
infants from O to 89 days of age and children and adolescents from
90days to 15years of age. Nosocomial BM was defined as early-
onset meningitis, meningitis acquired during the patient's hospital
stay or meningitis after a neurosurgical operation, which occurred
<30days after discharge. All other patients were defined as having
community-acquired BM.

Since 2010, the Finnish national vaccination programme has of-
fered children the 10-valent pneumococcal conjugate vaccine at 3,
5 and 12months. This covers S.pneumoniae serotypes 1, 4, 5, 6B,
7F, 9V, 14, 18C, 19F and 23F. Hib vaccines have been given at the
same ages since 1993. Meningococcal vaccines are not included in
the Finnish national vaccination programme for children.

The microbiological laboratory methods are described in
Appendix S1.
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2.2 | Outcomes
We evaluated the outcomes with the five-point Glasgow Outcome
Scale (GOS), based on the information in the patient's medical re-
cords.! The scale comprises death (one point), vegetative state (two
points), severe disability (three points), moderate disability (four
points) and mild or no disability (five points). The outcomes were
evaluated at discharge and 8 months after discharge. An unfavourable
outcome was defined as a score from 1 to 4. When we determined
the GOS scores, we considered the age of the patient and the dis-
ability was assessed in relation to their age-appropriate behaviour.
Hearing was tested with an appropriate method, either a brain-
stem auditory evoked response, an audiogram, otoacoustic emis-
sions or mechanical source of voice. Hearing deficiency was defined

by a better ear hearing level of 20dB or above.

2.3 | Statistical analysis

The incidence of BM was calculated by dividing the number of pa-
tients in the Hospital District by the number of study years and the
population below 16years of age. The incidence in infants was ob-
tained by dividing the annual number of infant cases by the number
of live births.

The age groups were compared with the Wilcoxon rank sum
test for continuous variables and Fisher's exact test for categor-
ical variables. Associations between two categorical variables
were tested with Fisher's exact test. Furthermore, a separate log-
binomial model was performed with unfavourable outcomes, de-
fined as GOS scores 1-4, for each factor as a univariate approach.
We were not able to perform a multivariate analysis because of
the low number of children with an unfavourable outcome. Two-
tailed p values of <0.05 were regarded as statistically significant.
The data analysis was generated using SAS for Windows, Version
9.4 (SAS Institute Inc).

2.4 | Ethics
The study received institutional approval and was not subject to the

Ethics Committee approval.

3 | RESULTS

3.1 | Incidence, demographics and causative agents
We identified 37 children (54% male) with BM treated at Turku Uni-
versity Hospital between 2011 and 2018. There were 22 infants
aged 0-89days and 15 children or adolescents aged 90days to
15years (Figure 1).

Three of the patients had been transferred from other hospitals
in Finland. The incidence was approximately 5.7/100000/year based
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FIGURE 1 Agedistribution of the 37 patients.

on the 34 children living in the Hospital District. The estimated in-
cidence among infants was 0.7/1000 live births. The median age of
the 37 children was 1 month, with an interquartile range of 9days
to 3years and 9 months. The majority (51%) of the BM cases were
nosocomial (Table 1).

Pathogens were detected in either the CSF or blood of 57% of
the patients (Table 2). The CSF culture was positive for bacteria in
41% of cases and the PCR of the CSF was positive in one culture-
negative case (Figure 2). A blood culture detected a pathogen in five
cases when the CSF culture was negative. GBS (11%), S. pneumoniae
(8%) and E.coli (5%) were the most frequent pathogens in the CSF
cultures. All the causative pathogens are shown in Figure 2. The CSF

culture was positive in 15% of the 20 patients who received antibi-
otics before their lumbar puncture and in 71% of the 17 patients

who only received antibiotics after the lumbar puncture (p=0.001).

3.1.1 | Background characteristics

Most (55%) of the 22 infants (59% male) aged 0-89days of age
(Table 1) were born preterm before 37 +0weeks of gestation: 14%
before 28 +0 and 18% between 28 +0 and 31 + 6 weeks. Four moth-
ers were carrying GBS. The data on BM by age group are presented
in Table 3.

Two of the 15 children (47% male) aged 90days to 15years
(Table 1) had both otitis media and mastoiditis. Pneumonia, pyelo-
nephritis, a brain abscess and a dental infection were each detected
in one patient prior to or simultaneously with, BM. The subgroups of
BM by age group are presented in Table 3.

3.1.2 | Clinical characteristics, causative agents
and treatment

The clinical characteristics of the infants aged 0-89days are pre-
sented in Table 1. The most common pathogens cultured from either
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(Continued)

TABLE 1

Children aged 90days to

Proportion difference (%) and

95% confidence interval

37n/N

All children n

15years n=15 n/N (%) or
median

8(53)
4(27)

Children aged 0-89 days

p-Value

(%) or median

22 n/N (%) or median

n=

Variable

22 (-10 to 53)
-19 (-49 to 12)

0.31

0.31

15 (41)
14 (38)

7 (32)

CSF culture positive

10 (45)

Blood culture positive

Treatment and outcome

14 (7 to 17)

0.0015
0.50

7 (5-14) 15(7-33)

21 (14-51)
14 (12-21)

Hospital stay in days (median): 1st to 3rd quartile

3(-3to0 8)

14 (10-21)

11 (7-25)

Intravenous antibiotic therapy in days (median): 1st to 3rd

quartile

-7 (-35 to 20)

0.71
1.0
0.71
1.0

9 (24)
5(14)
28 (76)

3(20)

2(13)

6(27)
3(14)

Unfavourable outcome at discharge

0(-23 to 22)
-11 (-40 to 19)

Unfavourable outcome at 8 months control

10 (67)
1(7)

18 (82)
1(5)

Hearing tests performed

-2 (-17 to 13)

2(5)

Permanent hearing deficiency

#Neurological symptoms were defined as seizures, confusion, facial paresis, pupil-asymmetry and bulging fontanel.

Abbreviations: BM, bacterial meningitis; CSF, cerebrospinal fluid.
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CSF or blood were E. coli (18%), GBS (18%) and Staphylococcus aureus
(9%). Two infants of 0-6days of age had GBS and so did two infants
of 7-89days of age. All the detected pathogens are presented in
Figure 2. Multi-drug resistance, which was defined as resistance to
three or more relevant antibiotics, was seen in two bacterial isolates:
S.epidermidis and Staphylococcus hominis. One CSF sample was posi-
tive with PCR for Sphingomonas species when the CSF culture was
negative.

The most frequently used antibiotics were ampicillin (55%), cefo-
taxime (41%) and gentamycin (27%). Multimodal antibiotic therapy
was used to treat 77% of the patients with BM and this ranged from
three to seven different antibiotics. There were no cases where the
cultured bacteria that caused BM were resistant to the empirically
initiated antibacterial treatment. Two patients underwent neurosur-
gery: one had a brain haemorrhage and one had hydrocephalus. Two
patients needed invasive respiratory support.

The clinical characteristics of the children aged 90days to
15years are presented in Table 1. The most common pathogen,
cultured from either their CSF or blood, was S.pneumoniae (20%).
Escherichia coli, Staphylococcus capitis and N. meningitidis were all de-
tected once. There was one CSF sample with two cultured bacteria.
All the pathogens detected are presented in Figure 2.

Pre-diagnostic antibiotics were administered to 33% of the pa-
tients. The most frequently used antibiotics after BM diagnoses
were ceftriaxone (87%) and vancomycin (33%). Multimodal anti-
biotic therapy was used to treat 53% of the patients with BM and
this ranged from three to seven different antibiotics. Corticosteroid
treatment was given to 60% of the patients as well as antibiotics.
Three patients needed neurosurgery and ear-related operations. Six
patients received oral antibiotics after discharge and the duration
ranged from 7 to 14 days.

3.1.3 | Outcome

The majority (82%) of the infants who were 0-89days of age
underwent hearing tests, using a brainstem auditory evoked re-
sponse (89%) or otoacoustic emissions and a mechanical source
voice (11%). Permanent hearing deficiency was documented in
one patient and two received a ventriculoperitoneal shunt. One
patient was diagnosed with epilepsy. Six patients had an unfavour-
able outcome at discharge: four had a GOS score of three and two
had a GOS score of four. Three of the patients with a GOS score
of three had an unfavourable outcome 8 months after discharge.
There were no deaths.

More than two-thirds (67%) of the children aged 90days to
15years had hearing tests, using an audiogram (70%), a brainstem
auditory evoked response (20%) or otoacoustic emissions (10%).
One had a permanent hearing deficiency and another had a ven-
triculoperitoneal shunt. Other negative outcomes were visual diffi-
culties in one patient and a change in personality in another. Three
patients had an unfavourable outcome at discharge: one had a GOS
score of three and two had a score of four. The two patients with a
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TABLE 2 Bacteria detected in cerebrospinal fluid (CSF) or blood culture by age groups.

Infants aged 0-89 days

Pathogens in CSF or blood culture n=22n/N (%)

Escherichia coli 4(18)
Group B streptococcus 4 (18)
Streptococcus pneumoniae 0
Staphylococcus aureus 2(9)
Neisseria meningitidis 0
Staphylococcus epidermidis 1(5)
Staphylococcus capitis 0
Actinomyces sp. 0
Staphylococcus hominis 1(5)
Anaerobic gram-positive cocci 0
6
5
a4
3
2
: 0
0
o N & v
(10:57) Q<\<b® . \@“0\ N © o
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TABLE 3 Subgroups of bacterial meningitis by age groups.

n (%)
Children aged 0-89 days (n=22)
Early-onset (0-6days) 5(23)

Late-onset (7-89 days) 17 (77)
Late-onset community-acquired 6(27)
Late-onset nosocomial (not neurosurgical) 8(36)
Neurosurgical postoperative 3(14)

Children aged 90days to 15years (n=15)

Community-acquired 9 (60)

Nosocomial (not neurosurgical) 2(13)

Neurosurgical postoperative 4(27)

GOS score of four had unfavourable outcomes 8 months after dis-
charge. There were no deaths.

The univariate analysis showed that a positive CSF culture was
associated with an unfavourable outcome at discharge (p=0.02),
but not 8 months after discharge (p=0.1; Appendix S1). Nosocomial
meningitis (p=0.007) and preterm birth (p=0.04) were associated
with an unfavourable outcome 8 months after discharge.

Children aged 90days to

15years n=15 n/N (%) All children n=37 n/N (%)

1(7) 5(14)
0 4(11)
3(20) 3(8)
0 2(5)
1(7) 1(3)
0 1(3)
1(7) 1(3)
1(7) 1(3)
0 1(3)
1(7) 1(3)

FIGURE 2 Numbers of

bacterial detections by culture of
cerebrospinal fluid (CSF), blood, pus,
ventriculoperitoneal shunt, urine or tonsil
swap specimen or by polymerase chain
reaction of CSF.

Ventriculoperitoneal shunt ®Urine ™ Tonsil swap ™ PCR of CSF

4 | DISCUSSION

The incidence of paediatric BM was low in Southwestern Finland
during 2011-2018. In particular, community-acquired BM was rare
in children aged 90days to 15years, but the proportion of infants
aged 0-89 days with nosocomial BM was prominent. A large number
of cases continued to have negative CSF and blood bacterial cul-
tures. The outcomes in both age groups were generally good.

Between 2010 and 2015 the incidence rates of BM in Northern
Sweden were 1.9-3.4/100000 in infants and children.*? The inci-
dence was highest among infants and lowest among adolescents
and was approximately the same level as in our study (5.7/100000/
year). The global incidence of BM in children has decreased and a
major reason for this progress has been the increased use of vac-
cines against the predominant pathogens. Differences in the di-
agnostics, recording and definitions of BM have hampered the
assessment of the true incidence of BM and comparisons between
studies. The pre-diagnostic administration of antibiotics was fre-
quent in our study population and bacterial PCR tests on CSF spec-
imens were infrequently carried out. To avoid missing cases due to
this, we also included culture-negative cases based on the relevant
ICD-10 codes, clinical presentation and laboratory findings.
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Streptococcus pneumoniae is a dominant pathogen that causes
BM in childhood. For example, this was reported by a study from
the United States that covered the period 1998-2007, which
found that S.pneumoniae causes over a third of all BM in infants
and children.'® However, we only detected three cases of pneu-
mococcal meningitis in children from 90days to 15years of age.
The 10-valent pneumococcal conjugate vaccine was added to the
Finnish national vaccination programme in 2010, just before the
current study began. This was followed by a rapid decrease in the
incidence of pneumococcal meningitis in children in Finland: 54%
in children aged 5-17years and 64% in children aged O-4years
of age.'* Replacement by non-vaccine serotypes has been seen
mainly in older adults.** Although meningococcal vaccines are not
included in the Finnish national vaccination programme for chil-
dren, only one case of N.meningitidis BM was found in this study.
Other studies have indicated that meningococcal diseases are
more common in some other European countries than in Finland.
For example, one Icelandic study reported that N. meningitidis was
the most common causative pathogen of BM.'®> No cases of BM
due to Hib were documented in our study, as it has disappeared
due to the high coverage of vaccinations.®

Our study showed the incidence of BM in infants 0-89 days
of age was high compared to children aged 0-60days in another
study.13 Our incidence rate of 0.7 per 1000 live births was in line
with the estimated incidences of neonatal BM of 0.3 per 1000 live
births in high-income countries and up to 3-6 per 1000 live births
in low-income and middle-income countries.”” As expected, GBS
and E. coli were the dominant pathogens in infants. It is worth noting
that no BM cases caused by Listeria monocytogenes were detected.
Maternal GBS prophylaxis with antibiotics has been reported to be
efficient against early-onset disease, but not against late-onset dis-
ease.'® Maternal GBS vaccines are urgently needed to prevent late-
onset GBS disease.” Neonatal nosocomial infections can, to some
extent, be prevented by breastfeeding, probiotics and strict infec-
tion prevention programmes in neonatal units.!? The rapid initiation
of antibiotic treatment for any suspicion of sepsis may prevent the
infection developing into BM.2 Despite these measures, newborn
infants, particularly those born prematurely, are susceptible to in-
vasive bacterial infections, due to their immature and inexperienced
innate and adaptive immune systems. Preterm infants also have in-
adequate protection against infectious agents through maternal im-
munity. Our findings demonstrated this, as 55% of the infants were
born prematurely and 14% of them before 28 +0 and 18% between
28+0 and 31+ 6weeks of gestation. Moreover, the innate cytokine
response against pathogens in a neonate can be inadequate or, con-
versely, overwhelming and has been associated with increased dis-
ease severity.?!

We found that 41% of the CSF cultures were positive and that
negative cultures were associated with administering antibiotics
before a lumbar puncture. Pre-diagnostic antibiotics were used for
54% of the patients in our study, compared to 35%-46% in other
studies.?? Certain bacteria can be completely sterilised in CSF within
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2h of parenteral antibiotics® and an interval of over 6 h between ad-
ministering antibiotics and a lumbar puncture can reduce culture
positivity from 100% to 40%.2% Using PCR testing as well as cul-
turing bacteria in CSF resulted in a more sensitive and rapid yield,
compared to just the using cultures.?* PCR was not routinely used
during our study period, but these data do support its use.

We found a lower rate of permanent hearing deficiency (5%)
than previously reported (22%-30%).” This may have been due to
the success of pneumococcal vaccines, by decreasing the proportion
pneumococcal BM, as S.pneumoniae is a key pathogen that causes
hearing loss after BM.” The overall functional outcome was unfa-
vourable in 14% of the children, in accordance with previous stud-
ies (10%-18%).2>2% In our study, nosocomial meningitis and preterm
birth were correlated with unfavourable outcomes 8 months after
discharge. However, these findings should be interpreted with cau-
tion, because unfavourable outcomes only occurred in a small num-
ber of subjects and the results were based on univariate analyses.
Despite this, our study highlighted the increased role of nosoco-
mial BM and its potential to cause long-term morbidity. It also sup-
ported earlier evidence that prematurity can predict unfavourable
outcomes.?’” There were no deaths in our study, but a larger study
population would have provided a more reliable estimate of the mor-
tality rate. Global mortality due to childhood BM has been reported
to range from 2% to 33%.28:27

Our study had some limitations. It was a single-centre study with
a small number of patients, but the design enabled uniform and de-
tailed data collection. Nevertheless, there was a risk of inaccuracies
in the retrospectively documented clinical data. The study popula-
tion was heterogenic, which meant we had very small subgroups of
patients, but our findings do provide an overview of paediatric BM in
our area. Using the GOS with small infants and children may present
challenges and it may also be difficult to differentiate moderate dis-
ability from mild disability using medical records. However, we be-
lieve that our main finding of generally good outcomes after BM was
reliably determined by using the GOS scale. The patients included
in this study may not represent the whole population of children in
Finland. We were unable to exclude the possibility of neurosurgery
itself being the cause of complications or an unfavourable outcome
in some patients. Furthermore, we had no long-term follow-up data,
or information on quality of life after BM, which has been reported
to be impaired.®

5 | CONCLUSION

This study found a low incidence of BM in infants and children in
Southwest Finland between 2011 and 2018. GBS and E.coli were
the dominant bacteria in children of 0-89days of age. The propor-
tion of nosocomial BM was high. The likelihood of an unfavourable
outcome was relatively low and there were no deaths. The changing
epidemiology of BM should be considered when developing further

strategies to improve prevention and treatment.
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Abstract

Background Post-neurosurgical meningitis (PNM) constitutes a grave complication associated with substantial morbidity
and mortality. This study aimed to determine the risk factors predisposing patients to PNM following surgery for low- and
high-grade gliomas.

Methods We conducted a retrospective analysis encompassing all patients who underwent glioma surgery involving cra-
niotomy at Turku University Hospital, Turku, Finland, between 2011 and 2018. Inclusion criteria for PNM were defined
as follows: (1) Positive cerebrospinal fluid (CSF) culture, (2) CSF leukocyte count > 250 x 10%/L with granulocyte percent-
age >50%, or (3) CSF lactate concentration >4 mmol/L, detected after glioma surgery. Glioma grades 3—4 were classified
as high-grade (n=261), while grades 1-2 were designated as low-grade (n=_84).

Results Among the 345 patients included in this study, PNM developed in 7% (n=25) of cases. The median time interval
between glioma surgery and diagnosis of PNM was 12 days. Positive CSF cultures were observed in 7 (28%) PNM cases, with
identified pathogens encompassing Staphylococcus epidermidis (3), Staphylococcus aureus (2), Enterobacter cloacae (1),
and Pseudomonas aeruginosa (1). The PNM group exhibited a higher incidence of reoperations (52% vs. 18%, p <0.001) and
revision surgery (40% vs. 6%, p <0.001) in comparison to patients without PNM. Multivariable analysis revealed that reop-
eration (OR 2.63, 95% CI 1.04-6.67) and revision surgery (OR 7.08, 95% CI 2.55-19.70) were significantly associated with
PNM, while glioma grade (high-grade vs. low-grade glioma, OR 0.81, 95% CI 0.30-2.22) showed no significant association.
Conclusions The PNM rate following glioma surgery was 7%. Patients requiring reoperation and revision surgery were at
elevated risk for PNM. Glioma grade did not exhibit a direct link with PNM; however, the presence of low-grade gliomas
may indirectly heighten the PNM risk through an increased likelihood of future reoperations. These findings underscore the
importance of meticulous post-operative care and infection prevention measures in glioma surgeries.

Keywords Bacterial meningitis - Complication - Post-neurosurgical meningitis - Glioma surgery
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Abbreviations

ASA  American Society of Anesthesiologists
BMI  Body mass index

CI Confidence interval

CSF  Cerebrospinal fluid

OR Odds ratio

PNM Post-neurosurgical meningitis

Ql Lower quartile

Q3 Upper quartile

Introduction

Gliomas are serious medical conditions consisting of
approximately 80% of all malignant brain tumors [32]. The
incidence rate of gliomas is around 7/100 000 in Finland
[25]. High-grade gliomas (grade 3—4) constitute 85% of all
gliomas while the rest are low grade gliomas (grade 1-2)
[27]. Five-year survival rate for high-grade gliomas ranges
from 3 to 22% and for low grade gliomas from 54 to 82%
[27].

The incidence of surgical site infections following crani-
otomy ranges from 1 to 10%, while the occurrence of post-
neurosurgical meningitis (PNM) varies between 2%-9% [16,
20, 29]. Approximately 3% of patients undergoing glioma
surgery necessitate reoperations due to post-operative infec-
tions [22]. PNM causes clinically significant morbidity and
mortality and prolongs treatment periods and causes poten-
tially adverse effects regarding patient survival [13, 16, 29,
31].

Risk factors for PNM include reoperations, placement of
postoperative ventricular shunts and lumbar catheters, male
sex, diabetes mellitus, corticosteroid use, cerebrospinal fluid
(CSF) leak, prolonged surgery, and genetic predisposition [1,
16, 17, 19, 20, 29]. Gliomas are associated with immunosup-
pression while immune profiles may vary between different
glioma grades [3, 14]. Therefore, glioma grade might affect
perioperative risk of infection.

Prophylactic antibiotics have been shown to reduce super-
ficial and deep infections during neurosurgery [17], however,
some studies prefer the correct sewing technique over anti-
biotic prophylaxis to prevent postoperative infections as the
prevention of CSF leak is of utmost importance to prevent
[4]. The recommended regimen is targeted mainly against
gram-positive agents, such as Staphylococcus epidermidis
and Staphylococcus aureus, which have been the main path-
ogens causing PNM [30]. Perhaps due to this selection of
prophylactic antibiotics, gram-negative bacteria such as Aci-
netobacter baumannii, Klebsiella pneumoniae and Escheri-
chia coli have become increasingly common agents causing
PNM according to recent studies [18, 34].

Careful practices during suture sewing are essential to
prevent infections. Deep infections often require surgical

@ Springer

debridement or reoperation along with systemic antibiotics
to overcome the infection [17]. Along with gold-standard
CSF culture for detection of pathogens, imaging with mag-
netic resonance imaging of suspected PNM patients is often
required to rule out abscess or empyema, and to possibly
detect hydrocephalus [16].

While many previous studies have focused on surgical
site infections following glioma surgery, the incidence of
PNM and its associated risk factors remain uncertain. It is
also unclear whether the grade of glioma impacts the risk of
PNM, as most studies have included only high-grade glio-
mas. Implementing effective infection prevention strategies
and vigilant surveillance for post-operative infections are
essential to optimize outcomes in this patient population.

Our aim was to investigate the incidence of PNM after
surgery for gliomas of different grades, and risk factors asso-
ciating with PNM in Turku University Hospital, Finland,
between 2011-2018.

Methods
Patient selection

This was a retrospective, descriptive cohort study. Data
collection was retrolective. A database search for glioma
patients treated with craniotomies between 2011-2018 in
Turku University Hospital, Finland, was performed. Our
institution serves as a tertiary referral center within the Hos-
pital District of Southwest Finland, overseeing the manage-
ment of all central nervous tumors among a population of
approximately 490 000.

The investigation assessed patients who underwent cra-
niotomy for World Health Organization grade 1-4 glioma.
We systematically examined the pathological reports of a
consecutive cohort comprising 1 161 individuals undergoing
craniotomy for intracranial tumors between 2011 and 2018.
International Classification of Diseases 10th edition codes
C71.*%, The Nordic Medico-Statistical Committee codes
AABO00, AAB10 and AW*** were used to identify appro-
priate patients. Out of this cohort, 345 patients received
a glioma diagnosis and were subsequently enrolled in the
study. The patients operated for gliomas were defined as the
intervention group.

Included patients for PNM had at least one of the pos-
sible symptoms of PNM defined as either fever, headache,
decreased mental status, seizures, or neck stiffness. Addi-
tionally, they had to have at least one of the following inclu-
sion criteria: 1. CSF culture positivity, 2. CSF leukocyte
count>250 x 10%L with granulocyte percentage > 50% [15]
or 3. CSF lactate >4 mmol/L [16]. Finally, 25 patients with
PNM were identified. CSF samples were usually obtained
by lumbar puncture after imaging of the head showed that
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there was no evidence of increased intracranial pressure and
laboratory results showed that there were no abnormalities in
blood coagulation. Occasionally, a CSF sample was obtained
from a craniotomy wound site on admission following the
safety measures described above. Outcome was classified
into either patients who developed PNM (cases) and patients
without PNM (controls).

Definitions

Revision surgery was defined as a reoperation occurring ear-
lier than 100 days after primary surgery, and reoperation was
defined as a repetitive glioma surgery in the patient history
without time limits. The revision and reoperation surgeries
were performed from the same site as the index surgery.

The reason for reoperations were confirmed or suspected
cases of recurring or residue gliomas after imaging assess-
ment. The reasons for revision surgeries were any complica-
tion requiring revision surgery such as hydrocephalus, CSF
leak from the wound or surgical site infection or intracranial
infections.

The suspect of a local wound infection rose if the wound
had swelling, redness, pain, or secretion of pus.

Preoperative management

The skin of operative area is cleaned with chlorhexidine.
Patients received routinely cefuroxime 3 g intravenous
infusion in the operation room before the start of surgery.
Patients not tolerating cefuroxime, intravenous clindamy-
cin 600 mg was used as prophylaxis instead. Patients did
not routinely receive any follow-up antibiotics. All patients
undergoing revision surgery or reoperations received the
above stated antibiotic prophylaxis. The skin is closed sub-
cutaneously and intradermally with antibacterial sutures [23]
and the skin is closed with clips. The techniques for steri-
lization of the scalp, the type and duration of prophylactic
antibiotics were similar in all aspects for low-grade glioma
surgery and high-grade glioma surgery. The only excep-
tion is reoperations, which are more common in low-grade
glioma patients and for which some neurosurgeons advocate
the use of postoperative antibiotics for 24-48 h.

Statistical analysis

Distributions were evaluated using visual evaluation, nor-
mal quantile plot, skewness and kurtosis measures. Due
to the skewness of the distributions, we used medians
in reporting results. Continuous data were summarized
with median and lower (Q1) and upper (Q3) quartile and
compared between patients with PNM and those without
PNM with Wilcoxon rank sum test. Association between
two categorical variables was first evaluated with Fisher’s

exact test. Furthermore, logistic regression was performed
to reoperation and revision surgery, separately for each
explanatory variable (univariate approach) and reported
with odds ratio (OR) and its 95% confidence intervals (CI).
After univariate modelling, multivariable model was built
up based on univariate results. P values of < 0.05 (two-
tailed) were regarded as statistically significant. The data
analysis was generated using SAS software, Version 9.4
of the SAS System for Windows (SAS Institute Inc., Cary,
NC, USA).

Data availability statement

The data generated during this study is available from the
corresponding author on a reasonable request.

Results
Background information and univariate analysis

Out of the 345 patients who underwent glioma surgery, the
median age was 60 years (Q1-Q3: 44-68 years), with 46%
(n=159) being female. High-grade glioma was diagnosed
in 76% of cases, while low-grade glioma was diagnosed in
24% of cases, and 20% of the surgeries were reoperations
due to recurrent glioma.

PNM rate was 7% (n=25), with a median time inter-
val between glioma surgery and the diagnosis of PNM
being 12 days (Q1-Q3: 7-20 days). Patients who sustained
PNM were significantly younger, with a median age of
49 years (Q1-Q3: 32-62 years) compared to 60 years
(Q1-Q3: 46-68 years) in those without PNM (p=0.013).
Additionally, patients with PNM had low-grade gliomas
44% (11/25) compared to high-grade gliomas 56% (14/25),
p=0.027. However, with low-grade gliomas, PNM was
occurring more often (13%, 11/84) versus high-grade
(5.4%, 14/261). Patients with PNM had a greater frequency
of reoperations (52% vs. 18%, p<0.001) and revision sur-
geries (40% vs. 6%, p < 0.001) compared to those without
PNM. Statistically significant associations between gender
and reoperation (p =0.35), revision surgery (p=0.43) or
low-grade/high-grade gliomas (p=0.45) were not found.
Other statistical analyses shown in Table 1.

Nearly all patients who had received previous radio-
therapy also underwent re-operation. Due to this signifi-
cant overlap, we determined that including both factors in
the same analysis would not be logical, as it could con-
found the results. Additionally, we noted that re-operations
were more frequent than previous radiotherapy in the PNM

group.
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Tab|‘e 1 Univariate Analysis VARIABLE PNM No PNM p-value
of Risk Fa.ctors for‘ post- (n=25) (n=320)
neurosurgical meningitis (PNM)

Age, median (Q1-Q3) 49 (32-62) 60 (46-68) 0.01
Sex (female) 14 (56%) 145 (45%) 0.31
Sex (male) 11 (44%) 175 (55%) 0.31
BMI, median (Q1-Q3) 28 (23-31) 26 (24-30) 0.54
ASA classification 0.97

ASA' 1 0 (0%) 4 (1%)

ASA 2 2 (8%) 27 (8%)

ASA 3 15 (60%) 197 (62%)

ASA 4 8 (32%) 87 (27%)

ASA 'S 0 (0%) 1 (0%)
Glioma grade 0.03

Grade 1 4 (16%) 13 (4%)

Grade 2 7 (28%) 60 (19%)

Grade 3 3(12%) 41 (13%)

Grade 4 11 (44%) 206 (64%)
High-grade vs. Low-grade glioma 0.027

Low-grade (grade 1-2) 11 (44%) 73 (23%)

High-grade (grade 3—4) 14 (56%) 247 (17%)
Reoperation 13 (52%) 57 (18%) 0.001
Revision surgery 10 (40%) 18 (6%) 0.001
Emergency surgery 3 (12%) 11 3%) 0.07
Operation time (min), median (Q1-Q3) 202 (165-301) 207 (156-251) 0.22
CSF sample available 25 (100%) 24 (8%) 0.001
CSF leukocyte count (cells/mm®), median (Q1-Q3) 425 (86-1140) 7 (1-35) 0.001
CSF neutrophil count (%), median (Q1-Q3) 79 (55-92) 2(0-9) 0.001

ASA American Society of Anesthesiologists, BMI body mass index,, CSF cerebrospinal fluid, PNM post-
neurosurgical meningitis, QI lower quartile, 3 upper quartile

Table 2 Results of multivariable analysis

Covariate OR (95% CI) P-value

Age 0.98 (0.95-1.0) 0.11

Glioma grade (grade 3—4 vs.  0.81 (0.30-2.2) 0.69
grade 1-2)

Revision surgery 7.1 (2.6-19.7) <0.001

Reoperation 2.6 (1.0-6.7) 0.042

CI Confidence interval, OR Odds ratio

Multivariable analysis

Multivariable analysis revealed that reoperation (OR 2.63,
95% CI 1.04-6.67) and revision surgery (OR 7.08, 95%
CI 2.55-19.70) were significantly associated with PNM,
while age (OR 0.98, 95% CI 0.95-1.01) and glioma grade
(high-grade vs. low-grade, OR 0.81, 95% CI 0.30-2.22)
showed no significant associations (Table 2).

@ Springer

Causative pathogens

Positive CSF cultures were observed in 7 (28%) PNM
cases, The pathogens acquired from CSF culture were S.
epidermidis (3), S. aureus (2), Enterobacter cloacae (1) and
Pseudomonas aeruginosa (1). There were 40 (12%) patients
with suspected wound infection, of which 19 (6%) presented
pathogen in bacterial culture causing the local infection. Five
patients with culture confirmed local wound infection also
had CSF culture confirmed PNM. The difference was not
statistically significant (p=0.1). Blood cultures were taken
from 58 (17%) of total patients with only one (0.3%) blood
culture positive patient. All pathogens detected are presented
in Fig. 1.

Discussion
This study retrospectively analyzed the characteristics of

PNM occurring after glioma surgery at Turku University
Hospital, Finland, between 2011-2018. The incidence of
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PNM after glioma surgery was 7%. The grade of glioma
was not an independent risk factor for PNM, but low-grade
gliomas had a higher rate of PNM because of the higher
proportion of reoperations. Reoperation and revision surgery
for post-operative wound complications were independent
risk factors for PNM.

Patients with high-grade gliomas are older and thus have
more comorbidities than their younger counterparts [25].
Therefore, it would be plausible that patients with high-
grade gliomas would be more prone for PNM than patients
with low-grade gliomas. Surprisingly, our study found that
the PNM rate was higher in low-grade gliomas when com-
pared to high-grade gliomas, as it would be reasonable to
think the other way around, because for example operation
time is usually longer considering high-grade gliomas, and
thus the risk of postoperative infections could be higher.

However, in the multivariable analysis, glioma grade did
not reach independent risk factor for PNM. Incidence of
PNM was in the upper proportion when compared to previ-
ously reported incidences of 0.5%-8.9% [11, 19, 29]. The
perioperative measures to prevent infections during crani-
otomy are in need of constant evaluation and improvements.
A study by Cao et al. in 2017 found that prophylactic anti-
biotics did not prevent postoperative infections in clean cra-
niotomies but caused more CSF negative cultures and more
multidrug-resistant bacteria [4]. They concluded that precise
sewing techniques may be even more important than anti-
biotic prophylaxis in the prevention of postoperative infec-
tions, for example to prevent CSF leakage, which is a major
risk factor for developing PNM [4]. The role of diathermy
compared to scalpel in regards on SSI were investigated in a
Cochrane review, and no statistical differences were found,
although the trials were underpowered [5, 23]. The overall
careful tissue handling, and the use of antibacterial sutures
is proven to reduce SSIs [23]. This is worth consideration,
but antibiotic prophylaxis is nevertheless recommended [17,
31]. Using vancomycin intravenously combined with ceph-
alosporins as prophylactic antibiotics during craniotomies
seems to decrease the risk of surgical site infections [10].
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Also, the use of vancomycin powder has been proven to
reduce postoperative infections [28]. Routine CSF sampling
among asymptomatic patients should be avoided [16].

A study performed in 2009 found that there was no sta-
tistically significant difference on survival between patients
with or without postoperative infections after glioma surgery
[2]. A few years after, a study with contradictory findings by
De Bonis et al. presented that postoperative infections may
in fact prolong the survival of patients (medians 16 months
vs. 30 months) after glioblastoma surgery, perhaps by acti-
vating immune system [12]. However, another study found
that glioma patients with postoperative infections tend to
have 30% decreased median overall survival [31]. Even more
recently, a study with a large population of 3784 patients
found that there was no statistically significant difference
on survival between patients with or without postoperative
infections (median 5 months vs. 6 months, p=0.17) [8].
PNM after glioma surgery often leads to delays in postop-
erative treatments such as radiotherapy or chemotherapy
[31]. PNM also causes prolongation of hospital stay and
thus more costs [16, 22].

Reoperations are a significant risk factor for developing
PNM after glioma surgery [7, 19, 22, 29]. Risks of reopera-
tions should be noted and carefully considered with each
patient’s medical history in mind. Frailty has been recog-
nized as an indicator of unfavorable outcome, post-operative
complications, and mortality among patients with glioblas-
toma [21, 35], but unfortunately, we were not able to imple-
ment frailty-index in our study. There were no statistical
differences on developing PNM with ASA class or dura-
tion of the surgery, as previously reported in some studies
[17], but another study presented that ASA class or glioma
grade were not statistically associated with elevated risk for
developing PNM [22]. Glioma grade does not seem to be
associated with postoperative complications in general by a
recent paper by Morshed et al. [24].

The demographic data of patients with and without PNM
were quite similar, which is important to note in clinical
work. We proved that PNM is a compartmentalized central
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nervous system infection, because a large part of blood cul-
tures remained negative (98%).

The rate of detected CSF culture positivity of 28% was
lower compared with previous studies [26, 29]. However,
recently the incidence of CSF culture positive postopera-
tive meningitis has been decreasing according to a study
performed in China in 2014, where only 10% of patients
had a CSF culture positive PNM after craniotomy [6]. The
use of prophylactic antibiotics at the beginning of the sur-
gery has been proven to be effective in prevention of post-
operative superficial and deep infections [17] — however,
pre-diagnostic antibiotics reduces the positivity rate of the
standard CSF culture [9], but the strategy would neverthe-
less be supported. The use of multiplex or quantitative poly-
merase chain reaction has been proven to be more sensitive
and specific methods detecting pathogens compared to CSF
culture, which should be used more often in the future [9].

Emergency surgeries were relatively rare (4%) in patients
undergoing craniotomy. The frequency of PNM was higher
in patients undergoing emergency surgery, but there was
no statistically significant difference compared to patients
undergoing elective surgery (p=0.07). Old age and emer-
gency surgeries have been identified as risk factors for PNM
in previous studies [7, 33]. However, in our study, younger
age of patients seemed to controversially be a risk factor
for PNM. That may be because younger patients undergo
revision surgeries or reoperations more often, and therefore
they are at higher risk of PNM. The reasons for the 7% inci-
dence of PNM after glioma surgery could be due to care-
ful case ascertainment, and furthermore, the background is
complex and cannot be further investigated in the current
study setting.

This study has some limitations. Being a single center
study is a limitation, and secondly, the risk of inaccuracy
in the retrospectively documented data of patients is always
possible. We were not able to include imaging results of
patients, which is also a limitation. All patients received
perioperative antibiotic prophylaxis, but we were not able
to gather information on the rate of antibiotic administra-
tion to treat PNM before lumbar puncture. It is possible that
some culture-negative PNM cases may have been aseptic
meningitis. However, the solid definition of inclusion of
PNM patients was a strength in this study, and it probably
ruled out aseptic meningitis cases. It is also possible, that the
included patients may not represent the whole population of
glioma surgery patients in Finland.

Conclusions
This study found a 7% incidence of PNM after glioma sur-

gery. CSF culture positivity rate was 28%. Reoperations and
revision surgeries were independent risk factors for PNM.

@ Springer

We found a higher rate of PNM in patients with low-grade
than high-grade gliomas, possibly due to higher propor-
tion of reoperations. Glioma grade was not an independent
risk factor for PNM. Further research is needed in future to
develop efficient strategies to prevent PNM complications
by identifying risk factors.
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