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Abstract

Background In low-resource settings, limited laboratory capacity adds to the burden of central nervous system
(CNS) infections in children and spurs overuse of antibiotics. The commercially available BioFire® FilmArray®
Meningitis/Encephalitis Panel (FA-ME) with its capability to simultaneously detect 14 pathogens in cerebrospinal fluid
(CSF), could potentially narrow such a diagnostic gap.

Methods In Mbarara, Uganda, we compared clinical utility (clinical turnaround time [cTAT], microbial yield, and
influence on patient outcome and antibiotic exposure) of FA-ME with bacterial culture, in children 0-12 years with
suspected CNS infection.

Results Of 212 enrolled children, CSF was sampled from 194. All samples underwent bacterial culture, of which 193
also underwent FA-ME analyses. FA-ME analyses prospectively influenced care for 169 of the 193 patients, and they
constituted an‘Index group’ The remaining 43/212 patients constituted a ‘Reference group’ Of all 194 CSF-sampled
patients, 87% (168) had received antibiotics before lumbar puncture. Median cTAT for FA-ME was 4.2 h, vs. two days
for culture. Bacterial yield was 12% (24/193) and 1.5% (3/194) for FA-ME and culture, respectively. FA-ME viral yield was
12% (23/193). Fatality rate was 14% in the Index group vs. 19% in the Reference group (P=0.20). From clinician receival
of FA-ME results, median antibiotic exposure was 6 days for bacteria-negative vs. 13 days for bacteria-positive patients
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(P<0.01).

reductions.
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(P=0.03). Median hospitalization duration was 7 vs. 12 days for FA-ME negative and positive patients, respectively

Conclusions In this setting, clinical FA-ME utility was found in a higher and faster microbial yield and shortened
hospitalization and antibiotic exposure of patients without CSF pathology. More epidemiologically customized
pathogen panels may increase FA-ME utility locally, although its use in similar settings would require major cost

Trial registration The trial was registered with clinicaltrials.gov (NCT03900091) in March 2019, and its protocol was
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Introduction

Although there is a higher risk of children being affected
by central nervous system (CNS) infections than others,
their clinical presentation is often more diffuse than it is
for adults [1, 2]. Prompt and effective diagnosis and treat-
ment of CNS infections, particularly bacterial meningi-
tis, are crucial for favourable outcomes due to their high
morbidity and mortality [2-5].

Annually, 2.9 million cases of bacterial meningitis
occur worldwide, with a disproportionally higher inci-
dence in low-income countries [6]. In such contexts,
CNS infections account for 2.5-3.5% of deaths among
children under the age of five years [7]. Health systems in
low-resource settings (LRS) often lack quality-standard
or accredited clinical laboratories with the capacity to
provide reliable results in time for clinicians to accurately
diagnose CNS infections. Discerning CNS aetiology thus
becomes a challenging task that impedes appropriate and
timely treatment of patients, allows for over-treatment
with empirical broad-spectrum drugs, and adds to the
burden of disease and the spread of antimicrobial resis-
tance [2, 8—11]. Even where the means are available for
bacterial culture — the gold-standard for identification of
bacteria in cerebrospinal fluid (CSF) - it is a time-con-
suming process with a low microbial yield that is further
decreased by the frequent empiric administration of anti-
biotics prior to lumbar puncture (LP) [12]. Consequently,
a bacterial culture fails to fulfil the requirements for the
swift and accurate diagnostics needed for effective clini-
cal management of bacterial CNS infections [2, 3, 13,
14]. To detect viruses in CSF, advanced techniques such
as viral culture or molecular nucleic acid testing using
polymerase chain reaction (PCR) are required, yet these
are often in shortage in LRS [14]. Hence, there is a need
for accurate, rapid, and multiplex diagnostic methods for
CSF microbiology with the potential for use in LRS [2, 10,
15].

Multiplex molecular methods for rapid identification
of a range of pathogens in CSF samples are now increas-
ingly used in CNS infection diagnostics in well-resourced
settings [3, 14, 16]. The BioFire® FilmArray® Meningitis/

Encephalitis Panel (FA-ME) is the first commercially
available multiplex PCR assay, capable of simultaneous
detection of 14 pathogens (Fig. 1) in minimal CSF vol-
umes, offering reduced turnaround time and high diag-
nostic accuracy [1, 3, 17-19]. While its user-friendliness
and multiplexity have the potential to narrow the diag-
nostic gap of CNS infection diagnostics in resource-
limited settings, the current cost and logistical needs of
FA-ME might deter its implementation [14, 18, 20].

Despite extensive literature on the use and perfor-
mance of FA-ME, most studies focus on diagnostic
accuracy, with only a few conducting prospective field
evaluations to assess its clinical utility [21]. Moreover,
very few of these studies were conducted in LRS [22, 23].
Therefore, justification for FA-ME usage in LRS is chal-
lenging since there are presently few publications on the
potential clinical advantages of its use in paediatric CNS
infection diagnosis.

The aim of this study was to prospectively evaluate the
clinical utility of FA-ME in children with suspected cen-
tral nervous system infections in a low-resource setting
in southwestern Uganda. This was done by comparing its
clinical turnaround time and microbial yield, as well as its
impact on patient outcome (cure/death) and duration of
antibiotics exposure, to those of the diagnostic method
(culture) otherwise available in the setting.

Materials and methods

Study design and setting

This study was part of the Paediatric Infection Point-of-
Care (PI-POC) trial, a prospective observational trial
investigating and evaluating novel methods for diagnos-
ing childhood CNS infections in low-resource settings.
The trial protocol is published [24] and registered with
clinicaltrials.gov (NCT03900091). Between March 2019
and July 2020, clinical data and samples (blood and CSF)
were collected from children aged 0-12 years who were
hospitalised with suspected CNS infection at the paediat-
ric clinic of Mbarara Regional Referral Hospital (MRRH)
and at the Holy Innocents Children’s Hospital (HICH), in
Mbarara, southwestern Uganda.
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Fig. 1 Microorganisms detectable by the FilmArray ME panel [18]

Located in the so-called “Sub-Saharan meningitis belt’,
due to its periodic CNS infection outbreaks, Uganda is a
low-income country with a population of about 42 mil-
lion, of which 400,000 reside in its southwestern Mbar-
ara district [25, 26]. In Uganda, 46 out of 1,000 children
born alive die before the age of 5 years, with 2.4% of such
deaths being attributed to meningitis [27].

MRRH is a public regional referral hospital in south-
western Uganda with a 70-bed paediatric ward. It serves
around 5,000 children annually, many of whom are
admitted due to infections. The hospital is located on the
campus of Mbarara University of Science and Technol-
ogy and houses the clinical facilities of the university’s
medical faculty [24].

HICH is a private non-profit paediatric hospital with
60 beds, an emergency department, and basic clinical
laboratory services, providing in- and outpatient care.

Epicentre, affiliated with Médecins Sans Frontiéres,
is a research centre on the Mbarara University of Sci-
ence and Technology and MRRH campus. It specializes
in field epidemiology and clinical research, is equipped
with a biosafety level 3 laboratory, and is accredited for
Good Clinical Laboratory Practice. Their clinical labora-
tory capabilities cover mycobacteriology, parasitology,
microbiology, molecular biology, serology, biochemistry,
haematology, and biobanking [28]. As part of the PI-POC
trial objectives, a FA-ME instrument was procured and
installed at the Epicentre laboratory in May 2019.

Study population
Between March 2019 and July 2020, paediatric patients
meeting predetermined inclusion criteria for suspected

CNS infection at the two hospitals were enrolled (Appen-
dix 1). They underwent a diagnostic work-up, including
routine LP and venepuncture. However, due to shifting
clinical priorities and a COVID-19 lockdown in the coun-
try, there was no new recruitment between March 31 and
June 25, 2020. The study started two months before the
FA-ME instrument was installed in May 2019, allowing
for the retrospective FA-ME analysis of 24 CSF samples
collected earlier.

Logistics and laboratory procedures

LP (one per patient) was performed by the lead medi-
cal officer of the PI-POC study, mostly during admission
hours seven days a week from 8 AM — 6 PM. Patient sam-
ples were collected at the two hospitals and transported
to the Epicentre laboratory by the study nurses within
20 min of the LP; from MRRH by foot, from HICH by
motorcycle taxi. Geographically, Epicentre is located
adjacent to MRRH, with HICH located 2.5 km away. CSF
analyses, including culture, FA-ME, and cytology, were
conducted at Epicentre mainly during working hours,
8AM - 6 PM.

CSF samples were directly inoculated on culture media
before any other testing: Gram staining, cell counting,
biochemistry and FA-ME. However, samples grossly
contaminated with blood in traumatic lumbar punc-
tures were exempted from cell counting. These samples
were centrifuged for five minutes at 3,800 rpm using the
Hettich EBA 20 centrifuge (Hettich, Germany) and the
sediments resuspended with a vortex before using them
to inoculate the culture media and preparation of Gram
smears.
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For cell counting, 10 pl of uncentrifuged CSF was dis-
pensed into a counting chamber. If more than 10 WBC/
uL were observed, differential white cell counts were con-
ducted and the percentage proportions of polymorpho-
nuclear and mononuclear cells reported. A sterile pipette
was used to systematically inoculate either the uncentri-
fuged CSF or the vortexed sediment onto blood, choco-
late CHROMagar™ Orientation and MacConkey agar
plates. The blood and chocolate agar plates were cultured
anaerobically at 35-37 °C while the MacConkey agar and
CHROMagar™ Orientation plates were cultured aerobi-
cally at the same temperature. Plates were examined at
24 h and, if negative, were re-incubated and re-examined
at 48 h. Culture-based identification was performed.
When indicated by cytology, Gram smears were prepared
on the sediment. CSF samples collected prior to the
instalment of the FA-ME instrument underwent standard
culture analyses as described above, but an aliquot sam-
ple was stored in -80 °C biobank facilities for subsequent
analyses. FA-ME analyses were performed according to
the manufacturer’s instruction, using 200 uL of CSF. Lab-
oratory results were reported to HICH by email and to
MRRH by hand.

Data management and statistical methods
Pseudonymised study data were entered in Case Report
and Laboratory Result Forms on paper by the study inves-
tigator. Data officers transferred the data to a digital data-
base hosted by the REDCap electronic data capture tools
hosted at the Karolinska Institutet; quality control was
performed on the dataset [29, 30]. Descriptive statisti-
cal analyses and graphical presentations were done using
STATA/BE 17.0 and GraphPad Prism 9.2.0. The Mann
Whitney U test was used to analyse for group differences
in non-normally distributed continuous variables (e.g.
age and clinical turnaround time), and the chi-square test
for categorical variables. The statistical significance level
was set at P<0.05. For continuous variables, the median
and interquartile range (IQR) were calculated.

Definition of clinical turnaround time (cTAT)

Previous studies have presented different definitions for
turnaround time. Some authors have defined it as the
time spent for sample analysis by the FA-ME instru-
ment; others as time from LP to FA-ME results, without
specifying whether the reporting of results to clinicians
was included; or as laboratory time, i.e. from reception of
sample to results being registered in electronic records
[21, 31, 32]. In this study we defined clinical turnaround
time (cTAT) as the time from LP to the time of clinicians
receiving CSF analysis results (Fig. 2). cTAT of bacte-
rial culture is presented in days and of FA-ME in hours.
This is because patient records contain the exact time of
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reporting of FA-ME results to the hospitals, but for cul-
ture only the date.

Ethical considerations

Ethical approvals for the PI-POC trial and all its sub-
studies were received by the Institutional Ethical Review
Board of Mbarara University of Science and Technol-
ogy in Uganda (ref. 22/05-18) and the Regional Ethical
Review Board in Stockholm, Sweden (ref. 2018/1676-
31/1). Approval for the trial was granted by the Uganda
National Council for Science and Technology (ref. HS
2508) in full compliance with the Declaration of Helsin-
ki’s ethical principles. Spoken and written study infor-
mation to, and informed consent from, guardians of
potential participants were provided in local language.
Patients received clinically indicated care or treatment,
irrespective of study participation. As per requests from
the local ethical review board, families of study partici-
pants were compensated with UGX 10,000, a daily meal
during hospitalization, and a bar of soap.

Since no methods for microbiology (e.g. pathogen-
specific PCR) other than bacterial culture and FA-ME
were available in the setting, the study team considered
it unethical to include a control group of participants
with suspected CNS infection for which FA-ME analyses
would then not be performed.

FA-ME and its reagents were purchased by the study
team. FA-ME manufacturers had neither a supporting
role for the study nor did they sponsor, provide gifts,
or get involved in the design, conduct or writing of this
manuscript.

Results

A total of 212 patients (89 from MRRH, 123 from HICH)
were enrolled. LP was successful for 194 (92%) patients,
allowing for bacterial culture for all collected CSF
samples, and FA-ME analyses for 193 samples (Fig. 3).
Median age for the 194 patients was 10 months (IQR
1-50) with 35% aged <3 months, and 37% female. Micro-
biology results for these patients are presented in Table 1
and Appendix 2.

FA-ME analyses were prospectively conducted as part
of the diagnostic work up for 169/193 (88%) patients,
labelled as the ‘Index group’ (Fig. 3), for which cTAT was
calculated.

In addition, a ‘Reference group’ (n=43) emerged, com-
prising patients from whom CSF had been either not col-
lected, or had undergone FA-ME analysis at a later stage,
where results could not have influenced patient care.

Clinical turnaround time for CSF microbiology
Median cTAT for FA-ME analyses was 4.2 h (IQR
3.3-5.5 h), with no significant difference seen between
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Fig.2 A and B. Schematic illustration of clinical turnaround time (cTAT); and cTAT illustrated as part of the total patient management time. cTAT =Clinical
turnaround time. LP=Lumbar puncture. TAT =Turnaround time. CSF = Cerebrospinal fluid. FA-ME = FilmArray ME Panel
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CSF not obtained (n = 18) due to:
e contraindications to LP (n = 6)
unsuccessful LP (n = 4)
LP declined by guardians (n = 3)
small volume (n = 2)
cardiac arrest (n = 1)
no flow (n = 1)
traumatic tap (n=1)

CSF cultured (n = 194)

CSF not FA-ME
analysed (n = 1)

CSF FA-ME analysed
(n=193)

Reference

group
(n=43)

Retrospective FA-ME
analyses (n = 24)

Prospective FA-ME
analyses (n = 169)

Index group

(n =169)

Fig. 3 Flowchart of study participants. CSF = cerebrospinal fluid. FA-ME =FilmArray ME Panel. LP=Lumbar puncture

patients from MRRH (n=67) and those from HICH
(n=102): 3.9 h vs. 4.3 h respectively (P=0.15) (Fig. 4).

The most time-consuming procedure was the labora-
tory reporting of FA-ME results to the hospitals, con-
suming a median of 2.1 h (IQR 1.5-2.5 h) (Fig. 5).

For CSF culture, median cTAT was 2 days (IQR 2-2 d)
for all 169 patients together, as well as for each hospital
individually.

CSF analyses, microorganism detection, and pre-treatment
with antibiotics

FA-ME detected bacteria in 24 (12%), and viruses in 23
(12%) of the analysed CSF samples, with a total of 40

(21%) samples showing sign of microorganisms (Table 1).
In contrast, CSF culture yielded three (1.5%) bacteria-
positive samples, which were also detected by FA-ME.
Human herpesvirus 6 (HHV-6) was the most common
microorganism, detected in 19 (9.8%) samples, and S.
pneumoniae the most common bacteria, detected in 11
(5.7%) samples. Of the FA-ME positive samples, 33 (83%)
had one detected microorganism, whereas in seven (18%)
samples, two microorganisms were detected.
Pre-treatment with antibiotics was reported in 168/194
(87%) patients<7 days prior to LP, discontinued within
4-7 days from LP in two patients, and within <4 days in
three patients. Fifteen (7.7%) patients had no antibiotics
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Table 1 Microbiology results from Film Array ME panel and CSF
culture

FA-ME Culture

n
Strictly bacterial Escherichia coli 1
Neisseria meningitidis 4 1
Streptococcus agalactiae 1
Streptococcus pneumoniae 8 1
Haemophilus influenzae 3 1
Strictly viral HHV-6* 12
Cytomegalovirus 2
Enterovirus 2
Mixed viral/bacterial HHV-6+E. coli 1
HHV-6 +S. pneumoniae 3
HHV-6+ S. agalactiae 2
HHV-6 + H. influenzae 1
Negative 153 191
Not analysed 1
Total 193 194

*Human herpesvirus 6

exposure before LP, and antibiotics status was unknown
for 11 (5.7%) patients, although not initiated at the hospi-
tal before LP.

Of the 168 pre-treated patients, 47 received antibiot-
ics before admission. The remaining 121 were treated
empirically after admission with Ceftriaxone alone or
combined with Benzylpenicillin/Ampicillin, or Ampicil-
lin with Gentamycin, before LP. There is no reliable data
on antibiotic regimens for the 47 community-treated
patients.

Of the 24 FA-ME bacteria-positive patients, 22 (92%)
had received antibiotics within <4 days of LP, one patient
had not received any, and the status was unknown in
one patient. Of the culture-positive patients, one had
received antibiotics before LP, one had not, and the status
was unknown for the third patient.

Of the 170 bacteria-negative patients: 127 (75%) had
received antibiotics before LP and 14 (8.2%) had not;
three (1.8%) had received antibiotics <4 days before LP;
one (0.6%) had received 4-7 days before LP; and for nine
(5.3%) patients it was unknown.

Listeria monocytogenes, Herpes simplex virus 1 or 2,
Human parechovirus, Varicella zoster virus, and Crypto-
coccus neoformans/gatii were not identified in any of the
samples, even though detectable by FA-ME.

CSF White Blood Cell (WBC) count was done for 22 of
the bacteria-positive samples, with a median count of 163
(IQR 0-1,038)/uL. Seven (32%) of these, including one
FA-ME positive/culture-negative case of N. meningitidis,
had neither non-clear CSF visual appearance nor pleocy-
tosis (defined as WBC count >5/uL). Of the samples with
no microorganism detection, pleocytosis was found in
17 (11%). An overview of CSF findings with patient out-
comes is presented in Appendix 2.
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Overall patient outcome
Of all 212 children with suspected CNS infection, 32
(15%) died, 142 (67%) were cured, and 38 (18%) had other
or unknown outcome. The latter category included self-
discharge against advice; patients lost during transfer
between the two hospitals; transfer to hospitals outside
the district; and one case of unconfirmed death where
the family self-discharged before arrival of hospital
personnel.

There was a non-significant higher case fatality rate for
those with any microorganism detected in CSF (18%),
compared to those without (13%) (P=0.76).

FA-ME influence on patient outcome
Case fatality rate for the Index group was 24/169 (14%),
as compared to 8/43 (19%) for the Reference group,
although the difference was not statistically significant
(P=0.20).

Similarly, for the Index group, there was no signifi-
cant relationship between positive and negative FA-ME
results, and for patient outcome (Table 2).

FA-ME influence on duration of antibiotic therapy

Of the Index group survivors, data on antibiotics dura-
tion was available for 104 patients. For the 96/104
patients for whom clinicians had received bacteria-neg-
ative (viral or all-negative) FA-ME results, antibiotics
were discontinued after a median of six days (IQR 4-10).
At one, two, three, and seven days after receipt of such a
FA-ME result, 96%, 86%, 76%, and 36% of such patients
remained on antibiotics, respectively.

For the 8/104 bacteria-positive patients, antibiotics
were discontinued after a median of 13 days (IQR 9-13)
from receipt of FA-ME results.

The difference between the two groups was statistically
significant (P=0.03).

FA-ME influence on duration of hospitalization
There was no difference seen in median duration of hos-
pitalization between the Index group and the Reference
group: 8 days (IQR 5-14) vs. 9 days (IQR 4-15) (P=0.89).
Comparing the 136 FA-ME negative to the 33 FA-ME
positive patients of the Index group, a negative FA-ME
result was associated with a significant reduction in
median duration of hospitalization: 7 days (IQR 5-12) vs.
12 days (IQR 7.5-16) (P=0.0007).

Discussion

In this mainly prospective study conducted in Uganda
where most enrolled children had been empirically
treated with antibiotics prior to LP, we found the FilmAr-
ray® Meningitis/Encephalitis panel to provide clinicians
with an increased bacterial yield in CSF microbiology and
the enabling of viral detection, both at a shorter cTAT
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Fig. 4 Clinical turnaround time (cTAT) of FA-ME analyses (hours), broken down between hospitals. MRRH=Mbarara Regional Referral Hospital. HICH=Holy

Innocents Children’s Hospital

than what is typically achieved with CSF culture. Fur-
thermore, FA-ME negative patients were hospitalized for
five fewer days than FA-ME positive patients, and after
receiving results, clinicians discontinued antibiotics more
than twice as fast for bacteria-negative than bacteria-pos-
itive patients, although discontinuation took several days.
Even though a possible explanation for shorter hospital-
ization and antibiotic exposure could be that FA-ME neg-
ative patients would be less severely ill than their positive

counterparts, fatality rates were not significantly different
between groups.

Neither could a significant difference in mortality be
found between patients with suspected CNS infection for
whom diagnosis had been supported by FA-ME or not.

Previous studies have presented different definitions
for turnaround time [21, 31, 32]. We argue that defin-
ing cTAT as time from LP to time of clinicians receiv-
ing results of sample analyses better correspond to the
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LP to sample arrival at lab~ P m—
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Fig. 5 Breakdown of duration of each step (hours) of the clinical turnaround time (cTAT) of the FilmArray ME panel, presented with median and IQR.

LP=Lumbar puncture. FA-ME=FilmArray ME Panel

Table 2 Outcome of CSF positive vs. negative patients of the
Index group

Cured, Death, Unknown Total,
N (%) N (%) outcome, N
N (%)
CSF positives 20 (61) 6(18) 7(21) 33
CSF negatives 98 (72) 18 (13) 20 (15) 136
Total 118 24 27 169

P=0.44

clinical utility of the analysis method and is in line with
the scope of the study.

In line with information from the FA-ME manufac-
turer, laboratory turnaround time of FA-ME analyses was
drastically shorter than that of bacterial culture in this
study. Also, with the logistical process implemented for
this study, we found that the overall cTAT — from LP to

clinicians receiving FA-ME results — was equally shorter
than that of culture. As there was no difference in cTAT
observed between the two hospitals (MRRH being adja-
cent to the laboratory and HICH at a 2.5 km distance),
it would seem that a FA-ME instrument need not nec-
essarily be installed at each point of patient care for its
clinical utilities to be gained, if a well-established supply
chain for sample and results delivery is in place. In this
study, potential delays in results delivery to the more dis-
tant hospital were mitigated by electronic reporting. The
CcTAT of even the most rapid diagnostic instrument is
highly dependent on the logistical processes of the health
system in which it operates [10, 33]. As about half of the
FA-ME cTAT was spent on reporting results to clinicians,
further reductions of cTAT could probably be accom-
plished if the delay is addressed.
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The ability of FA-ME to detect bacteria in eight times
as many patients than through culture, as found in this
study, suggests a superior sensitivity of its molecular
methodology in settings where empiric antibiotic treat-
ment before LP is routine. This is echoed by a retrospec-
tive Nigerian study where FA-ME detected bacteria in
30.5% of CSF samples, as compared to 8% through culture
[34]. Furthermore, while no alternate method for viral
detection was available during the study period, FA-ME
detected viruses in 23 CSF samples that would otherwise
have been undetected. However, these detections have
not been confirmed in this study, and some reports shed
doubt on the accuracy and significance of some FA-ME
results. Frequent HHV-6 and Cytomegalovirus detec-
tion by FA-ME is reported by several authors, who in
most cases considered them non-pathogenic due to their
latency capacity and chromosomal integration (HHV-
6), and non-significance in immunocompetent patients
(Cytomegalovirus) [17, 20, 31, 34-36]. False positive
streptococcal and false negative Herpes simplex virus 1/2
and C. neoformans/gatii detections have been previously
reported [13, 18, 22, 37]. Such false results could have
potential implications for the patients of this study, where
streptococci were the most frequently detected bacte-
ria, while no Herpes simplex virus or cryptococci were
detected. Also, in a report from Spain, FA-ME failed to
detect N. meningitidis in a patient despite CSF character-
istics strongly indicative of bacterial meningitis [38]. In
another recent study on a HIV-positive cohort in Mbar-
ara, Uganda, two cases of S. pneumoniae detection by
FA-ME were considered as sample contaminations [22].
As nearly four-tenths of our FA-ME bacteria-positive
cases had normal visual appearance, CSF WBC count,
and culture of CSF (Appendix 2), contamination or false
positives cannot completely be ruled out.

Investigators of a study in Ethiopia (including children
and adults) found a WBC count cut-off value of >75/
ULcgr for all their patients with bacterial CNS infection
[23]. This could not be reproduced in our study, where
32% of bacteria-positive CSF samples either lacked pleo-
cytosis or had a WBC count below the proposed cut-off.
Also, the CSF of one of our patients had neither pleocy-
tosis nor abnormal visual appearance, despite FA-ME
detecting N. meningitidis. For another study patient, the
FA-ME result was negative, although its CSF showed
pleocytosis (WBC count 120/pL) (Appendix 2). Even
though the absence of pleocytosis in children (and espe-
cially neonates) with confirmed CNS infection has been
reported [16, 39, 40], our findings could also represent
sample contamination, or false FA-ME results.

In a study conducted 2009-2012, on the same target
population and setting as this study, cerebral malaria
was the most frequent cause of CNS infection, and, non-
typhoidal Salmonella (which is currently not targeted by
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FA-ME) to be the second most frequent bacterial cause
[41]. Similarly in Nigeria, three instances of Salmonella
species were only detectable through confirmatory test-
ing by an alternative PCR panel [34]. Another micro-
organism not targeted by FA-ME is Mycobacterium
tuberculosis, despite it being a major cause of child-
hood CNS infection in tuberculosis endemic areas such
as Uganda [6, 20]. Hence, if they are to use FA-ME as a
stand-alone CSF microbiology method, clinicians in set-
tings such as those in this study must keep in mind that
it does not currently encompass the full spectra of child-
hood CNS infection aetiology everywhere. However, as
the manufacturer was able to add the SARS-CoV-2 virus
to the targets of its pre-existing FilmArray® Respiratory
panel in less than one year, an extension of the Meningi-
tis/Encephalitis panel with microorganisms, such as non-
typhoidal Salmonella, would better correspond to local
epidemiology and improve its microbial yield and clinical
utility [20, 42].

With respect to the feasibility of its use in low-resource
settings, the FA-ME instrument itself costs approximately
USD 35,000, and the test cartridges for each analysis an
additional USD 150 per test. Even though reports from
Greece and the United States have described an overall
cost-effectiveness regarding the use of FA-ME, one has
to contrast the annual health expenditure per capita of
Greece (USD 1,600) and the United States (USD 10,600)
to that in Uganda (USD 43) and low-income countries in
general (USD 35) [1, 14, 43]. Although with a functioning
supply chain of samples and results, the purchase cost of
the instrument could be shared by several collaborative
caregivers in close vicinity, the high cost for every single
analysis would not be diminished by such a partnership.

Additional disadvantages of FA-ME observed during
the study were: short expiry of FA-ME test cartridges;
logistical challenges in delivery (of the instrument and
cartridges) from, and maintenance and service by, the
nearest supplier in a neighbouring country; the need for
a connected computer to run the manufacturer’s soft-
ware needed for its operation; and its need for a stable
power grid, which has been described in another report
[22]. Also, FA-ME does not provide antimicrobial sus-
ceptibility testing of detected microorganisms. However,
considering its short turnaround time, susceptibility test-
ing of only bacteria-positive samples could be initiated in
the laboratory after FA-ME results, without substantial
time loss. This could potentially result in a higher yield
than blind susceptibility testing, while preserving limited
resources.

Strengths and limitations

This study focused on children with suspected CNS
infection and the clinical utility of FA-ME for diagnosis.
It did not account for other potential causes of illness,
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like sepsis or cerebral malaria, as the inclusion criteria
were pre-defined for CNS infection. Additionally, con-
firmatory testing with alternative molecular methods
such as GeneXpert and Rapid Diagnostic Tests such as
Cryptococcal Antigen test (CrAg) were not routinely per-
formed, inhibiting the possibility to analyse the diagnos-
tic accuracy of FA-ME, although the primary focus was
on clinical utility. The study also lacked a formal control
group where FA-ME was not used. While the inclusion
of such a group was considered during study planning, it
was deemed unethical due to limitations in CSF culture
yield caused by routine use of empiric antibiotics prior to
lumbar puncture.

Although, as previously described, a small reference
group was made possible, its emergence was unplanned
for, and thus it was not possible to ensure the matching
of its participants’ characteristics to those of the Index
group. Seven participants of the Reference group showed
signs (contraindication to LP and cardiac arrest) of severe
clinical condition. This could have caused selection bias,
affecting the study outcome measures to the disbenefit of
the Reference group. Another factor limiting generaliz-
ability of the study is its potential elevation of the base-
line supply chain structure between the two hospitals and
the laboratory. Also, the choice of the laboratory used to
conduct analyses influences the generalizability of study
findings. By virtue of its international accreditation, Epi-
centre laboratory holds to standards of quality that can-
not be matched by most laboratories in Uganda, or even
in the region. At the same time, it would have been dif-
ficult to conduct the study without such logistics in place.
With the mainly prospective field design of this study and
its independence from the instrument manufacturer, we
believe our findings to be credible and representative of
the clinical performance of FA-ME in Sub-Saharan set-
tings with limited health resources.

Conclusions

In conclusion, our study suggests that multiplex molecu-
lar methods like FA-ME can offer substantial clinical util-
ity to low-resource healthcare systems when integrated
with a well-functioning supply chain. This is made pos-
sible by enhancing microbial yield at a reduced clini-
cal turnaround time and shortened hospitalization and
antibiotic exposure for patients without CSF pathology.
However, while FA-ME provides a broader microorgan-
ism targeting spectrum compared to traditional meth-
ods in the study setting, it may not fully represent local
childhood CNS infection epidemiology. Expanding the
FA-ME panel or considering region-specific panels could
improve its utility. The significant obstacle to its routine
use in low-resource healthcare systems is its high cost.
Subsidies or cost-shifting strategies are essential for
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making FA-ME or similar instruments feasible in low-
resource settings [22].

Additionally, a substantial number of children who
underwent LP due to suspected CNS infection showed
no signs of infection in their CSE. This underscores the
dire need for less invasive methods to screen patients
eligible for LP. Such methods would not only reduce
the discomfort experienced by children but also better
household with the limited resources.
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