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Abstract

Background/Objectives: Central nervous system (CNS) infections remain a significant pub-
lic health challenge and require rapid and accurate diagnosis to guide clinical management.
Although the incidence of bacterial meningitis has declined owing to widespread vaccina-
tion, viral etiologies continue to dominate CNS infections. The aim of this study was to
assess the epidemiological trends, age distribution, and seasonality of CNS infections using
multiplex PCR. Methods: A retrospective analysis was conducted on cerebrospinal fluid
(CSF) samples collected between January 2021 and December 2022 from patients with CNS
infections at King Abdulaziz Medical City. A BioFire FilmArray Meningitis/Encephalitis
(ME) panel was used to detect pathogens. Patient demographics, pathogen distribution,
and seasonal trends were analyzed. Results: A total of 2460 CSF samples were tested,
of which 130 (5%) were positive for at least one pathogen. Viral pathogens accounted
for 82.3% of the infections, with human herpesvirus-6 (HHV-6) (31%) and enterovirus
(EV) (20%) being the most common. Bacterial pathogens represented 17.7% of the cases,
with Streptococcus pneumoniae (6%) and Escherichia coli K1 (5%) being the predominant
bacterial agents. The highest infection burden was observed in infants aged 0-6 months,
with a marked male predominance. Seasonal analysis revealed multiple peaks in viral
infections, particularly of HHV-6 and EVs, whereas bacterial infections were sporadic, with
Streptococcus agalactine and Streptococcus pneumoniae peaking in October and November.
Conclusions: Viral infections, particularly HHV-6 and EVs, dominated CNS infections,
with distinct seasonal and age-related variations. These findings underscore the value of
multiplex PCR in improving the rapid diagnosis of CNS infections and aiding in timely
treatment and antimicrobial stewardship.

Keywords: central nervous system; bacterial meningitis; viral infections; seasonality;
aseptic meningitis

1. Introduction

Central nervous system (CNS) infections are critical medical emergencies that require
immediate and accurate diagnosis and treatment to prevent severe morbidity and mortality.
These infections, classified as meningitis, encephalitis, and meningoencephalitis, are caused
by various infectious agents, including bacteria, viruses, fungi, and protozoa [1]. The
introduction of vaccines has significantly reduced the incidence of bacterial meningitis,
shifting the diagnostic focus towards identifying the viral causes. Before the widespread
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adoption of the MMR vaccine, mumps was the leading cause of viral meningitis. CNS
infections caused by viruses such as enteroviruses (EVs) and herpesviruses are among
the leading causes of meningitis worldwide, with an estimated increase in incidence from
2.5 million in 1990 to 2.82 million in 2016 [2—4].

Although advancements in molecular diagnostics have improved our ability to iden-
tify infectious agents, a significant proportion of aseptic meningitis cases, a common form of
meningitis, remain challenging to diagnose, with etiologies that are often not identified [5].
The diagnostic challenge is compounded by the diverse etiology of CNS infections, which
include various viruses, bacteria, fungi, and protozoa, often overlapping clinical presenta-
tions [6]. This ambiguity in identifying the exact agent contributes to underreported cases
and affects the quality of patient care.

Individuals with suspected CNS infections can benefit from improved clinical care
when pathogens in the cerebrospinal fluid (CSF) are quickly and accurately identified [7-9].
However, the traditional approach, which involves culture and pathogen-specific poly-
merase chain reaction (PCR) testing of the CSF guided by clinical suspicion, has a slow
turnaround time and low diagnostic yield. Therefore, effective therapies cannot be admin-
istered on time with the indiscriminate use of empirical broad-spectrum antibiotics [10-12].

Recent studies using multiplex PCR identified a range of viral agents responsible for
CNS infections. In a study conducted in Ankara, Turkey, using a combination of nucleic
acid-based assays, herpes viruses and EVs were identified as the primary causes of CNS
infections in children [13]. Similarly, a study from Riyadh, Saudi Arabia, reported EV,
and human herpesvirus 6 (HHV-6) as common viral etiologies in aseptic meningitis cases,
highlighting the predominance of viral infections in males and the pediatric age group [14].

The reliance on advanced molecular diagnostic techniques, such as multiplex PCR
panels, offers an unparalleled opportunity to enhance our understanding of the etiology of
CNS infection. These tools enable the rapid identification of various viral pathogens directly
from CSF specimens, facilitating timely and appropriate clinical management [9,15,16].

The aim of this study was to investigate the ongoing evolution of CNS infection etiol-
ogy. Furthermore, we examined the distribution of CNS infections among different age
groups and the seasonality of these infections. Understanding the prevalence and distribu-
tion of pathogens that cause CNS infections is crucial for developing targeted interventions,
optimizing patient outcomes, and guiding public health strategies. In contrast to previous
regional reports that focused primarily on viral meningitis, this study provides a more
comprehensive overview encompassing both bacterial and viral CNS infections over a
recent post-COVID-19 period, including an analysis of demographic patterns, seasonal
trends, and CSF biochemical correlations. Understanding the prevalence and distribution
of pathogens that cause CNS infections is crucial for developing targeted interventions,
optimizing patient outcomes, and guiding public health strategies.

2. Materials and Methods

King Abdulaziz Medical City (KAMC), a tertiary healthcare facility under the Min-
istry of National Guard Health Affairs, is a 2500-bed advanced hospital located in Riyadh,
Saudi Arabia. In this retrospective study, CSF samples were obtained as part of the clin-
ical evaluation for suspected CNS infection between January 2021 and December 2022.
In pediatric patients, lumbar puncture was performed in those presenting with signs or
symptoms suggestive of meningitis, or in neonates (<28 days) with fever or other indica-
tions of sepsis, in accordance with American Academy of Pediatrics (AAP) guidelines [17].
Testing was performed using the BioFire FilmArray Meningitis /Encephalitis (ME) Panel
(BioFire Diagnostics, Salt Lake City, UT, USA) on the BioFire Torch System according to the
manufacturer’s instructions.
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The BioFire ME Panel is a multiplex PCR-based assay designed to detect and differ-
entiate nucleic acids from a comprehensive set of bacterial, viral, and fungal pathogens
associated with meningitis and encephalitis. The panel targeted the following pathogens:
Escherichia coli K1, Haemophilus influenzae, Listeria monocytogenes, Neisseria meningitidis, Strep-
tococcus agalactiae, Streptococcus pneumoniae, Cytomegalovirus (CMV), EV, Herpes Simplex
Virus 1 (HSV-1), Herpes Simplex Virus 2 (HSV-2), Human Herpesvirus-6 (HHV-6), Human
Parechovirus (HPeV), Varicella-Zoster Virus (VZV), and Cryptococcus neoformans / gattii.

Multiple studies have evaluated the performance of the BioFire ME Panel, demonstrat-
ing its high sensitivity and specificity. According to Trujillo-Gomez et al. [18], the panel had
a sensitivity range of 88-92% and a specificity exceeding 99% for most targeted pathogens.
The assay design incorporated specific primers and probes to minimize cross-reactivity and
ensure accurate pathogen identification. Independent assessments, such as those conducted
by Messacar et al. [9], further support the reliability of this assay for clinical diagnostics.

Because our dataset was limited to CSF results without systematic extra-CNS testing
and with incomplete clinical annotations, most cases could not be robustly classified and
are reported without primary/secondary stratification. To identify and characterize these
cases, laboratory records from KAMC were reviewed to identify all CSF samples tested
during the study period. Data on patient demographics, including age and sex, detected
pathogens, and seasonal trends were analyzed. A total of 2460 CSF specimens were
included in the study, with some samples originating from the follow-up testing of the
same patient. For demographic and pathogen distribution analyses, only unique patient
records corresponding to positive cases were included, ensuring that each patient was
counted once. Only one patient exhibited co-detection of two pathogens. Ethical approval
for this study was obtained from the Institutional Review Board (IRB) of King Abdullah
International Medical Research Center (KAIMRC).

Descriptive statistics were used to summarize patient demographics, pathogen distri-
bution, and CSF laboratory parameters. Continuous variables were presented as medians
with interquartile ranges (IQRs), and categorical variables as counts and percentages.
Comparisons between bacterial and viral infection groups were performed using the Mann—
Whitney U test for continuous variables. A p-value < 0.05 was considered statistically
significant. All statistical analyses were conducted using IBM SPSS Statistics (Version 16,
IBM Corp., Armonk, NY, USA). Data were visualized using Microsoft Excel (Microsoft
Corporation, Redmond, WA, USA) to generate pie charts. Trend analysis and additional
visualization were performed using the Power BI software (October 2024 release; Microsoft
Corporation, Redmond, WA, USA).

3. Results

In total, 2460 CSF samples were tested from 2021 to 2022. Of these, 130 (5%) tested posi-
tive for at least one pathogen. Among the 130 positive samples, only one case (0.8%) demon-
strated co-infection with two pathogens, whereas all other cases were single-pathogen
infections. The demographic distribution of the patients (Table 1) revealed a predominance
of pediatric patients, comprising 73% of the study population. Regarding sex distribution,
63% (n = 82) were male, and 37% (n = 48) were female. Most samples (82.3%) were positive
for viral targets, while the remaining samples (17.7%) were positive for bacterial targets
(Table 1). The sole fungal pathogen in the ME panel, Cryptococcus neoformans/gattii was
not detected in any of the samples. Three deaths (2.3%) were recorded among the positive
cases, all of which occurred in patients with bacterial meningitis.
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Table 1. Demographic Characteristics, Etiologic Distribution, and Cerebrospinal Fluid (CSF) Indices
of Patients with PCR Confirmed Central Nervous System Infections.

Variable Number (Percentage)
Gender
Males 82 (63%)
Females 48 (37%)
Age group
Adults 35 (27%)
Pediatrics 95 (73%)
Etiology
Bacterial 23 (17.7%)
Viral 107 (82.3%)
Death 3 (2.3%)
CSF Indices
Bacterial (Median, IQR) Viral (Median, IQR) p-value
Protein (g/L) 1.65 (1.76) 0.51 (0.73) <0.001 *
Glucose (mmol/L) 2.0(1.1) 32(1.2) 0.0004 *
Total Nucleated Cells (cells/pL) 323 (1017) 13 (131) <0.001 *
Red Blood Cells (cells/uL) 66 (554) 18.5 (1062.5) 0.263
Segmented Neutrophils (%) 62 (61) 12.5 (27.5) 0.0003 *
Lymphocytes (%) 21 (32) 59 (50) <0.0003 *

Abbreviations: CSF = cerebrospinal fluid; IQR = interquartile range. Data are presented as median (IQR) and n
(%). For continuous variables, the Mann-Whitney U test was applied to assess differences between bacterial and
viral groups. * Statistical significance was defined as p < 0.05.

As presented in Table 1, bacterial infections demonstrated significantly higher CSF
protein concentrations (p < 0.001) and lower glucose levels (p = 0.0004) compared with
viral infections. The total nucleated cell count was also significantly higher in bacterial
cases (p < 0.001). In contrast, viral infections showed a higher proportion of lymphocytes
(p=0.0003) and a lower proportion of segmented neutrophils (p = 0.0003). CSF red blood cell
counts varied widely between groups and did not show a significant difference (p = 0.263).

These findings indicate that bacterial meningitis cases were associated with elevated
protein, reduced glucose, and a predominance of neutrophils, whereas viral infections showed
higher glucose and lymphocytic predominance, consistent with classical CSF profiles.

3.1. Etiology of CNS Infections

In total, 130 positive cases with a diverse range of viral and bacterial pathogens were
identified. Human Herpesvirus-6 (HHV-6) was the most frequently detected pathogen,
accounting for 40 cases (31%), highlighting its prominence in the tested population. En-
terovirus (EV) was the second most common causative agent (n = 26, 20%), followed
by Varicella Zoster Virus VZV (n = 15, 12%) and cytomegalovirus (CMV) (1 = 13, 10%).
Bacterial pathogens were less prevalent but were still notable. S. pneumoniae and Herpes
Simplex Virus-1 (HSV-1) were detected in equal numbers (1 = 8, 6% each), and E. coli K1
(n =6, 5%) and Streptococcus agalactiae (n = 5, 4%) were also identified. H. influenzae (n = 4,
3%), human parechovirus (HPeV) (n = 3, 2%), and Herpes Simplex Virus-2 (HSV-2; n =2,
2%) had the lowest detection rates (Figure 1). The predominance of viral pathogens over
bacterial agents suggested a primary viral etiology in the tested cohort, with HHV-6 having
the highest detection rate (Figure 1). Bacterial pathogens such as Neisseria meningitidis,
Listeria monocytogenes, and the fungus Cryptococcus were not detected in our cohort. The
significant prevalence of EV and CMV underscores their roles in the study population.
These findings highlighted the importance of continued surveillance to better understand
the epidemiological landscape of these infections.
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Figure 1. Distribution of pathogens detected by multiplex PCR in cerebrospinal fluid (CSF) samples.

3.2. Distribution of CSF Infections by Age Group

Viral pathogens overwhelmingly predominated in the 0-6 month age group. Human
Herpesvirus 6 (HHV-6) was the most common pathogen in young infants (n = 24) and
accounted for the largest number of positive cases (far exceeding that of any other agent in
this age group). EV was the second most common etiology in 0—6 month-old infants (1 = 9),
and HHV-6 and EV were found in most of the positive samples in this age category. In
comparison, bacterial pathogens (such as E. coli K1 or group B Streptococcus) were detected
in only a minority of infants, indicating a much lower burden than viruses, even in this
high-risk age range.

Beyond infancy, the data shows a clear shift in the predominance of pathogens. Dur-
ing childhood, EVs remain a leading cause of CNS infection, notably persisting as the
predominant pathogen in school-aged children, whereas HHV-6 detection declines sharply
after 6 months of age. Viral etiologies continue to dominate in older children and adults,
with herpes viruses becoming the most prevalent in adults. Herpes simplex virus (HSV-1)
has emerged as the leading cause of PCR-positive meningoencephalitis in adults, and
VZV has become a notable contributor in older adults. In contrast, bacterial positives
were limited beyond infancy; only sporadic cases (e.g., a small number of meningococcal
or pneumococcal infections in adolescents and adults) were identified. This age-related
pattern highlighted the transition from a mixed neonatal disease profile to one dominated
by viral pathogens in older children and adults, with a marked reduction in bacterial CNS
infections after the first few months of life.

The number of positive cases decreased as age increased. However, infections persisted
in all age groups. In the 7-12 month and 1-2 year groups, infections were more evenly
distributed, with EVs, VZV, and CMV being the most commonly detected pathogens. As
expected, all S. agalactiae cases were exclusive to infants aged 0-6 months. There was a
noticeable increase in the diversity of the detected pathogens among older children (3—-6
and 7-17 years old), with S. pneumoniae and E. coli K1 appearing more frequently. This
shift suggested an increasing exposure to bacterial infections as children grow older. The
18-64 year age group exhibited the second-highest overall burden of infection, with a
more balanced distribution between viral and bacterial pathogens, including VZV, CMV,
and S. pneumoniae. In contrast, the older adult population (>65 years) demonstrated a
moderate burden of infection, although with a slightly higher representation of bacterial
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pathogens than the younger age groups (Figure 2). These findings indicated a dynamic
age-related pattern of infection, where viral pathogens dominate in early life and bacterial
pathogens become more prominent in later years. The high prevalence of HHV-6 in infants
and the broad diversity of pathogens in older populations underscore the need for targeted
surveillance and age-specific management strategies for infectious diseases.
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Figure 2. Age distribution of pathogens detected by multiplex PCR in cerebrospinal fluid (CSF) samples.

3.3. Seasonal Distribution

The seasonal distribution of positive samples revealed distinct patterns of infection
dynamics throughout the year. HHV-6 and EV were the most frequently detected pathogens.
HHV-6 was consistently the most prevalent virus throughout the year, with stable and high
detection levels during all months. This continuous detection pattern may reflect frequent
reactivation or persistent subclinical infection rather than primary infection outbreaks
or seasonal variations. EV was also frequently detected in all months, demonstrating
a persistent year-round presence. However, EV showed a clear seasonal increase, with
a distinct peak occurring in September and October. Notably, HSV-1 showed increased
detection rates, predominantly in late summer (July to August), whereas CMV exhibited
slightly elevated detection rates from May to September. E. coli K1 and H. influenzae
exhibited sporadic detection, suggesting a less seasonal pattern, but remained present
throughout the year. VZV was most frequently detected in August and September, which
coincides with the start of the school year in Saudi Arabia (Figure 3). In summary, the
persistent detection of HHV-6 throughout the year may indicate frequent viral reactivation,
possibly associated with underlying immune status variations in the studied population.
The clear seasonal peak of EVs in September, October, and November aligns with the
known patterns of seasonal infection. Understanding these trends could help to inform
infection control strategies and targeted surveillance efforts throughout the year.
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Figure 3. Monthly distribution of pathogens detected in cerebrospinal fluid (CSF) samples by
multiplex PCR.

4. Discussion

The findings of this study provide valuable insights into the etiology, demographic
distribution, and seasonality of CNS infections diagnosed by multiplex PCR-based test-
ing of CSF samples. Our results emphasize the predominance of viral infections in CNS
pathology, particularly highlighting the high prevalence of HHV-6 and EVs while reveal-
ing bacterial etiologies and their age-related distribution. These findings are critical for
guiding diagnostic approaches and informing clinical decision-making regarding sus-
pected CNS infections. Our study revealed that viral pathogens accounted for 82.3% of
the detected cases, with HHV-6 (31%) and EVs (20%) being the most frequently identified.
These findings were consistent with global epidemiological data that identify EVs and her-
pesviruses as leading viral etiologies in CNS infections [19,20]. Previous studies, including
those from Turkey and Saudi Arabia, have similarly reported a high burden of EVs and
HHV-6 in pediatric cases of aseptic meningitis and meningoencephalitis [13,14]. While
HSV-1 is reported as the leading viral cause of meningitis and encephalitis in many adult-
dominant cohorts, the predominance of HHV-6 in our study likely reflects the younger age
distribution of our population and the inclusion of pediatric cases, where primary HHV-6
infection is more common. The high prevalence of HHV-6 in our cohort, particularly among
infants aged 0-6 months, suggested early-life susceptibility to this virus. HHV-6 is known
for its widespread seroprevalence, with primary infections often occurring in infancy and
frequently manifesting as febrile illnesses or exanthema subitum. However, its role in
CNS infections remains unclear and its frequent detection in our study raises questions
regarding its clinical significance as a primary pathogen or bystander of neuroinflamma-
tory processes [21,22]. EVs, the second most commonly identified viral pathogen, are
well-documented causative agents of viral meningitis, particularly in pediatric populations.
Their seasonal peaks, observed in our study from September to November, align closely
with previously reported patterns, likely reflecting increased viral transmission in fall
associated with school reopening and closer interpersonal interactions among children
during this period [23,24]. This seasonality is thought to be driven by EV transmission
dynamics, which favor higher temperatures and increased human interactions. Similarly,
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VZV showed a prominent increase in detection in August and September, coinciding
with the start of the school year in Saudi Arabia. This pattern supports previous findings
that highlight the role of increased social interaction and community mixing in driving
VZV transmission during late summer and early fall, particularly in susceptible pediatric
groups [25]. Additionally, this seasonal pattern reinforces the importance of considering
the timing of clinical management strategies and preventive interventions, such as targeted
awareness campaigns or vaccination programs, to effectively reduce the spread of infection
and disease burden.

Although bacterial infections represent only 17.7% of positive cases, they remain a
significant concern because of their potentially severe outcomes. In this study, three deaths
(2.3%) were recorded, all of which occurred in patients with bacterial meningitis. This
mortality rate is lower than the 5-20% reported in several global studies, which may reflect
early diagnosis, improved clinical management, and widespread vaccination programs
in the studied population [26,27]. Streptococcus pneumoniae (6%) and E. coli K1 (5%) were
among the most frequently detected bacterial pathogens, emphasizing their role in CNS
infections. This aligns with global studies in which S. pneumoniae was the most common
cause of bacterial meningitis in all age groups [28]. As expected, four of the six cases of
E. coli K1 were in the 0-6 month age group. The reduced burden of bacterial meningitis
in our study may reflect the impact of routine vaccination programs, particularly those
targeting H. influenzae type B (Hib) and S. pneumoniae. However, the presence of these
bacterial pathogens, particularly in infants and elderly individuals, underscores the need for
vigilance in high-risk populations. Notably, we observed a complete lack of N. meningitidis
cases, which could be a result of COVID-19 preventive measures such as wearing masks,
social distancing, and reduced social gatherings during the study period. These public
health measures have been associated with a significantly reduced incidence of respiratory
pathogens, including Neisseria meningitidis. In addition, the absence of N. meningitidis
detection in our cohort likely reflects the impact of Saudi Arabia’s national meningococcal
vaccination program, which provides the quadrivalent conjugate vaccine (MenACWY)
as part of the routine childhood immunization schedule (administered at 9 months and
2 years of age) and mandates vaccination for all pilgrims, healthcare workers, and residents
of the holy cities. Although individual vaccination data for our patients were not available,
this systemic national vaccination policy ensures high population-level coverage and likely
contributes to the near elimination of meningococcal meningitis in our study population.
Interestingly, we did not detect Cryptococcus neoformans/gattii, which are included in the
BioFire ME Panel. This could be due to the low prevalence of cryptococcal meningitis in
our study population, possibly reflecting regional epidemiological trends, or the absence
of high-risk immunocompromised individuals, such as those with HIV/AIDS, from the
sample cohort.

Our analysis demonstrated a clear age-related variation in the distribution of CNS
infections, with the highest number of cases observed in infants aged 0-6 months. This age
group exhibited a striking male predominance (32 males, 18 females), a trend that persisted
in several other age categories. The reasons behind this sex disparity remain speculative
but could be attributed to differences in immune responses, hormonal influences, or genetic
factors affecting susceptibility to infections. Beyond infancy, the frequency of infections
declined, but remained notable across all age groups. The 3—6-year and 7-17-year categories
displayed an increased diversity of pathogens, with bacterial infections (e.g., S. pneumoniae
and H. influenzae) appearing more frequently. These findings suggested that, as children
grow, their exposure to bacterial pathogens increases, possibly due to environmental
interactions and changes in immune function. In adults (18-64 years), we observed the
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second-highest burden of infections, predominantly driven by viral pathogens, especially
VZV and EV, with bacterial pathogens comprising a smaller proportion of positive cases.

In contrast, individuals >65 years demonstrated a modest burden of CNS infections
exclusively associated with viral pathogens, particularly viruses within the Herpesviridae
family, such as the VZV and HHV-6. This pattern aligns with known age-related immunose-
nescence, which influences susceptibility to viral reactivation, particularly VZV, in older
adults [4]. The seasonal distribution of the detected pathogens revealed distinct infection
peaks, particularly for viral agents. HHV-6 and EVs exhibited multiple seasonal spikes
with notable surges in May, August, and October. These seasonal trends mirror the global
patterns of viral CNS infections, where EVs frequently peak in late summer and fall [3].
The environmental and behavioral factors driving these trends may include higher temper-
atures, increased human mobility, and closer indoor gatherings during certain seasons [29].
In contrast, bacterial infections were sporadically distributed. Notably, only a single case
of Listeria monocytogenes was identified in October, suggesting sporadic occurrence rather
than a clear seasonal trend.

The reliance on multiplex PCR-based assays in this study provided rapid and compre-
hensive pathogen identification, which is crucial for the timely and targeted management
of CNS infections. Traditional diagnostic methods such as culture and pathogen-specific
PCR often result in delayed or incomplete diagnoses, leading to the overuse of empirical
broad-spectrum antibiotics [9]. Our findings reinforced the utility of multiplex PCR panels
such as the BioFire ME Panel in clinical decision-making, particularly for differentiating
viruses from bacterial infections and guiding antimicrobial stewardship [10-12]. Although
multiplex PCR panels offer high sensitivity and specificity, they do not provide informa-
tion on antimicrobial susceptibility, necessitating the complementary testing of confirmed
bacterial cases. Additionally, distinguishing between active viral infections and incidental
viral DNA detection remains a challenge, particularly for latent herpes viruses such as
HHV-6 and CMV. Future studies should explore the integration of PCR results with host
inflammatory markers or metagenomic sequencing to enhance diagnostic accuracy.

Although this study provides valuable insights into the trends in CNS infections, it is
limited by its retrospective design and reliance on a single diagnostic platform. The BioFire
ME Panel restricts pathogen detection to a predefined panel, potentially overlooking emerg-
ing or uncommon CNS pathogens that are not included in the assay. Furthermore, this
study did not consider the clinical aspects of the positive cases. Our reliance on CSF-only
multiplex PCR precludes confident assignment of primary versus secondary meningitis.
Differentiation typically requires paired extra-CNS assays (e.g., blood PCR/serology, lesion
swabs), longitudinal viral loads, or detailed clinical context (e.g., rash temporality, neu-
rosurgical history). Additionally, as our study relied solely on CSF molecular detection
without paired blood or tissue testing, we cannot fully exclude viral reactivation or by-
stander detection rather than true neuroinvasive infection in some HHV-6—positive cases.
This granularity was beyond the scope of our retrospective dataset and is a key target for
future prospective studies. Future studies employing broader metagenomic sequencing
approaches could expand our understanding of CNS infection etiologies, particularly in
cases where no pathogens have been identified. In addition, although we observed age- and
season-related patterns, a longer study duration across multiple years may have provided
more robust data on cyclical infection trends. Finally, incorporating clinical outcome data
offers a more comprehensive assessment of the impact of different pathogens on disease
severity and patient prognosis.
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5. Conclusions

In conclusion, our study underscores the predominant role of viral pathogens, par-
ticularly HHV-6 and EVs, in CNS infections while highlighting the presence of bacterial
etiologies in specific age groups. Seasonal variations in the pathogen distribution suggest
the need for enhanced surveillance and preventive strategies, particularly during peak
infection periods. These findings reinforced the clinical utility of multiplex PCR assays
for the rapid diagnosis of CNS infections, ultimately improving patient management and
antibiotic stewardship. Future research should focus on expanding diagnostic capabilities,
refining the clinical interpretation of PCR results, and integrating multiyear epidemiological
data to better understand long-term infection trends.

Author Contributions: Conceptualization, N.A.; methodology, N.A., A.A. (Ahmed Alshehri) and A.A.
(Ali Alshehri); formal analysis, N.A., A.A. (Ahmed Alshehri) and A.A. (Ali Alshehri); investigation,
N.A.; data curation: N.A., A.A. (Ahmed Alshehri) and A.A. (Ali Alshehri); writing—original draft
preparation, N.A.; writing—review and editing, N.A., A.A. (Ahmed Alshehri), A.A. (Ali Alshehri)
and S.A.J.; supervision, S.A.J.; project administration, N.A. All authors have read and agreed to the
published version of the manuscript.

Funding: This study received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Decla-
ration of Helsinki and approved by the Institutional Review Board of King Abdullah International
Medical Research Center (KAIMRC), Riyadh, Saudi Arabia (protocol code RYD-23-419812-81597
on 27 June 2023).

Informed Consent Statement: Not applicable. This is a retrospective study with data already
available in the hospital information system.

Data Availability Statement: The datasets presented in this article are not readily available because
the data are governed by an institutional policy that prohibits sharing outside the organization. This
could be due to intellectual property concerns, strategic interests, or security considerations. Requests
to access the datasets should be directed to datamanagment@kaimrc.edu.sa.

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

References

1.  Archibald, L.K,; Quisling, R.G. Central Nervous System Infections. In Textbook of Neurointensive Car; Layon, A.]., Gabrielli, A.,
Friedman, W.A,, Eds.; Springer: London, UK, 2013; pp. 427-517.

2. Autore, G.; Bernardi, L.; Perrone, S.; Esposito, S. Update on Viral Infections Involving the Central Nervous System in Pediatric
Patients. Children 2021, 8, 782. [CrossRef] [PubMed]

3.  Collaborators GBDM. Global, regional, and national burden of meningitis, 1990-2016: A systematic analysis for the Global
Burden of Disease Study 2016. Lancet Neurol. 2018, 17, 1061-1082. [CrossRef] [PubMed]

4. Le Govic, Y.; Demey, B.; Cassereau, J.; Bahn, Y.S.; Papon, N. Pathogens infecting the central nervous system. PLoS Pathog.
2022, 18, €1010234. [CrossRef] [PubMed]

5. Jarrin, I; Sellier, P.; Lopes, A.; Morgand, M.; Makovec, T.; Delcey, V.; Champion, K.; Simoneau, G.; Green, A.; Mouly, S.;
et al. Etiologies and Management of Aseptic Meningitis in Patients Admitted to an Internal Medicine Department. Medicine
2016, 95, €2372. [CrossRef]

6.  Dorsett, M,; Liang, S.Y. Diagnosis and Treatment of Central Nervous System Infections in the Emergency Department. Emerg.
Med. Clin. N. Am. 2016, 34, 917-942. [CrossRef]

7.  Boving, M.K.; Pedersen, L.N.; Moller, ] K. Eight-plex PCR and liquid-array detection of bacterial and viral pathogens in
cerebrospinal fluid from patients with suspected meningitis. J. Clin. Microbiol. 2009, 47, 908-913. [CrossRef]

8.  Leber, A.L.; Everhart, K.; Balada-Llasat, ].M.; Cullison, J.; Daly, J.; Holt, S.; Schreckenberger, P.C.; Des]arlais, S.; Reed, S.L.;
Chapin, K.C,; et al. Multicenter Evaluation of BioFire FilmArray Meningitis/Encephalitis Panel for Detection of Bacteria, Viruses,
and Yeast in Cerebrospinal Fluid Specimens. J. Clin. Microbiol. 2016, 54, 2251-2261. [CrossRef]

9. Messacar, K.; Breazeale, G.; Robinson, C.C.; Dominguez, S.R. Potential clinical impact of the film array meningitis encephalitis

panel in children with suspected central nervous system infections. Diagn. Microbiol. Infect. Dis. 2016, 86, 118-120. [CrossRef]


https://doi.org/10.3390/children8090782
https://www.ncbi.nlm.nih.gov/pubmed/34572214
https://doi.org/10.1016/S1474-4422(18)30387-9
https://www.ncbi.nlm.nih.gov/pubmed/30507391
https://doi.org/10.1371/journal.ppat.1010234
https://www.ncbi.nlm.nih.gov/pubmed/35202445
https://doi.org/10.1097/MD.0000000000002372
https://doi.org/10.1016/j.emc.2016.06.013
https://doi.org/10.1128/JCM.01966-08
https://doi.org/10.1128/JCM.00730-16
https://doi.org/10.1016/j.diagmicrobio.2016.05.020

Diagnostics 2025, 15, 2699 11 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

He, T; Kaplan, S.; Kamboj, M.; Tang, Y.W. Laboratory Diagnosis of Central Nervous System Infection. Curr. Infect. Dis. Rep.
2016, 18, 35. [CrossRef]

Lopez, N.; Cuesta, G.; Rodriguez-Vega, S.; Rosas, E.; Chumbita, M.; Casals-Pascual, C.; Morata, L.; Vergara, A.; Bodro, M.;
Bosch, J.; et al. Multiplex real-time PCR FilmArray performance in the diagnosis of meningoencephalitis: Lights and shadows.
Infection 2024, 52, 165-172. [CrossRef]

Kanjilal, S.; Cho, T.A.; Piantadosi, A. Diagnostic Testing in Central Nervous System Infection. Semin. Neurol. 2019, 39, 297-311.
[CrossRef]

Altay-Kocak, A.; Bozdayi, G.; Michel, J.; Polat, M.; Kanik-Yuksek, S.; Tezer, H.; Ozkul, A.; Ahmed, K.; Nitsche, A.; Ergunay, K.
Multi-assay investigation of viral etiology in pediatric central nervous system infections. J. Infect. Dev. Ctries. 2020, 14, 572-579.
[CrossRef]

Aldriweesh, M.A.; Shafaay, E.A.; Alwatban, S.M.; Alkethami, O.M.; Aljuraisi, EN.; Bosaeed, M.; Alharbi, N.K. Viruses Causing
Aseptic Meningitis: A Tertiary Medical Center Experience With a Multiplex PCR Assay. Front. Neurol. 2020, 11, 602267. [CrossRef]
[PubMed]

Radmard, S.; Reid, S.; Ciryam, P.; Boubour, A.; Ho, N.; Zucker, J.; Sayre, D.; Greendyke, W.G.; Miko, B.A.; Pereira, M.R.; et al.
Clinical Utilization of the FilmArray Meningitis/Encephalitis (ME) Multiplex Polymerase Chain Reaction (PCR) Assay. Front.
Neurol. 2019, 10, 281. [CrossRef]

Waldrop, G.; Zucker, J.; Boubour, A.; Radmard, S.; Green, D.A.; Thakur, K.T. Clinical Significance of Positive Results of the BioFire
Cerebrospinal Fluid FilmArray Meningitis/Encephalitis Panel at a Tertiary Medical Center in the United States. Arch. Pathol. Lab.
Med. 2022, 146, 194-200. [CrossRef] [PubMed]

Aleem, S.; Greenberg, R.G. When to Include a Lumbar Puncture in the Evaluation for Neonatal Sepsis. Neoreviews 2019, 20,
e124—e134. [CrossRef]

Trujillo-Gomez, J.; Tsokani, S.; Arango-Ferreira, C.; Atehortua-Munoz, S.; Jimenez-Villegas, M.].; Serrano-Tabares, C.; Veroniki,
A.-A,; Florez, 1.D. Biofire FilmArray Meningitis/Encephalitis panel for the aetiological diagnosis of central nervous system
infections: A systematic review and diagnostic test accuracy meta-analysis. EClinicalMedicine 2022, 44, 101275. [CrossRef]
[PubMed]

Gundamraj, V.; Hasbun, R. Viral meningitis and encephalitis: An update. Curr. Opin. Infect. Dis. 2023, 36, 177-185. [CrossRef]
Rohani, H.; Arjmand, R.; Mozhgani, S.H.; Shafiee, A.; Amini, M.].; Forghani-Ramandi, M.M. The Worldwide Prevalence of Herpes
Simplex Virus Encephalitis and Meningitis: A Systematic Review and Meta-Analysis. Turk. Arch. Pediatr. 2023, 58, 580-587.
[CrossRef]

Webb, G.; Leong, M.Y.M.; Bishop, E.; Sehu, M. Diagnostic Dilemmas: A Review of Reported Cases of Human Herpesvirus 6
Encephalitis in Immunocompetent Adults. Open Forum Infect. Dis. 2024, 11, ofae501. [CrossRef]

Berzero, G.; Campanini, G.; Vegezzi, E.; Paoletti, M.; Pichiecchio, A.; Simoncelli, A.M.; Colombo, A.A.; Bernasconi, P.; Borsani, O.;
Di Matteo, A.; et al. Human Herpesvirus 6 Encephalitis in Immunocompetent and Immunocompromised Hosts. Neurol.
Neuroimmunol. Neuroinflamm. 2021, 8, e942. [CrossRef] [PubMed]

Lee, B.R; Sasidharan, A.; Harrison, C.J.; Selvarangan, R. Disruption of seasonal enterovirus and parechovirus detections in the
CSF and plasma of children during the COVID-19 pandemic. J. Clin. Virol. 2023, 160, 105381. [CrossRef]

Johannesen, C.K,; Egeskov-Cavling, A.M.; Jepsen, M.P.G.; Lange, T.; Krause, T.G.; Nygaard, U.; Fischer, TK. Changing rates but
persisting seasons: Patterns of enterovirus infections in hospitalizations and outpatient visits in Denmark 2015-2022. Front. Virol.
2024, 4, 1346352. [CrossRef]

Bakker, K.M.; Martinez-Bakker, M.E.; Helm, B.; Stevenson, T.J. Digital epidemiology reveals global childhood disease seasonality
and the effects of immunization. Proc. Natl. Acad. Sci. USA 2016, 113, 6689-6694. [CrossRef]

van Ettekoven, C.N.; Liechti, ED.; Brouwer, M.C.; Bijlsma, M.W.; van de Beek, D. Global Case Fatality of Bacterial Meningitis
During an 80-Year Period: A Systematic Review and Meta-Analysis. JAMA Netw. Open 2024, 7, €2424802. [CrossRef]
Collaborators GBDMAR. Global, regional, and national burden of meningitis and its aetiologies, 1990-2019: A systematic analysis
for the Global Burden of Disease Study 2019. Lancet Neurol. 2023, 22, 685-711. [CrossRef] [PubMed]

Oordt-Speets, A.M.; Bolijn, R.; van Hoorn, R.C.; Bhavsar, A.; Kyaw, M.H. Global etiology of bacterial meningitis: A systematic
review and meta-analysis. PLoS ONE 2018, 13, €0198772. [CrossRef]

Joshi, Y.P; Kim, E.H.; Kim, ].H.; Kim, H.; Cheong, H.K. Associations between Meteorological Factors and Aseptic Meningitis in
Six Metropolitan Provinces of the Republic of Korea. Int. ]. Environ. Res. Public Health 2016, 13, 1193. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s11908-016-0545-6
https://doi.org/10.1007/s15010-023-02076-x
https://doi.org/10.1055/s-0039-1688441
https://doi.org/10.3855/jidc.12327
https://doi.org/10.3389/fneur.2020.602267
https://www.ncbi.nlm.nih.gov/pubmed/33424752
https://doi.org/10.3389/fneur.2019.00281
https://doi.org/10.5858/arpa.2020-0380-OA
https://www.ncbi.nlm.nih.gov/pubmed/34086848
https://doi.org/10.1542/neo.20-3-e124
https://doi.org/10.1016/j.eclinm.2022.101275
https://www.ncbi.nlm.nih.gov/pubmed/35198914
https://doi.org/10.1097/QCO.0000000000000922
https://doi.org/10.5152/TurkArchPediatr.2023.23007
https://doi.org/10.1093/ofid/ofae501
https://doi.org/10.1212/NXI.0000000000000942
https://www.ncbi.nlm.nih.gov/pubmed/33587722
https://doi.org/10.1016/j.jcv.2023.105381
https://doi.org/10.3389/fviro.2024.1346352
https://doi.org/10.1073/pnas.1523941113
https://doi.org/10.1001/jamanetworkopen.2024.24802
https://doi.org/10.1016/S1474-4422(23)00195-3
https://www.ncbi.nlm.nih.gov/pubmed/37479374
https://doi.org/10.1371/journal.pone.0198772
https://doi.org/10.3390/ijerph13121193
https://www.ncbi.nlm.nih.gov/pubmed/27916923

	Introduction 
	Materials and Methods 
	Results 
	Etiology of CNS Infections 
	Distribution of CSF Infections by Age Group 
	Seasonal Distribution 

	Discussion 
	Conclusions 
	References

