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Abstract

Several studies have explored the use of serum procalcitonin (PCT) in differentiating between bacterial and viral
etiologies in children with suspected meningitis. We pooled these studies into a meta-analysis to determine the PCT
diagnostic accuracy. All major databases were searched through March 2015. No date or language restrictions were
applied. Eight studies (n = 616 pediatric patients) were included. Serum PCT assay was found to be very accurate for
differentiating the etiology of pediatric meningitis with pooled sensitivity and specificity of 0.96 (95% Cl = 0.92-0.98)
and 0.89 (95% CI = 0.86-0.92), respectively. The pooled positive likelihood ratio, negative likelihood ratio, diagnostic
odds ratio (DOR), and area under the curve (AUC) for PCT were 7.5 (95% CI = 5.6-10.1), 0.08(95% CI = 0.04-0.14),
142.3 (95% Cl = 59.5-340.4), and 0.97 (SE = 0.01), respectively. In 6 studies, PCT was found to be superior than CRP,
whose DOR was only 16.7 (95%Cl = 8.8-31.7). Our meta-analysis demonstrates that serum PCT assay is a highly

accurate and powerful test for rapidly differentiating between bacterial and viral meningitis in children.
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Introduction

Bacterial meningitis (BM) in children is a severe, life-
threatening illness that requires rapid diagnosis and
treatment to decrease the mortality rate and potential
neurological sequelae.’ Clinically, it is often difficult to
differentiate between bacterial and viral etiologies of
meningitis. Therefore, there is a significant need for a
test with a near 100% sensitivity and a high enough
specificity to allow for this differentiation.'

While lumbar puncture and cerebrospinal fluid (CSF)
analysis is the gold standard, supplementary biomarker
tests such as C-reactive protein (CRP) and white blood
cell count (WBC) are also used clinically. Unfortunately,
these tests confer a suboptimal sensitivity and can lead
to the initiation of unnecessary empirical antibiotic ther-
apy and hospitalization in patients with self-limiting
viral meningitis (VM)."

Recently, procalcitonin (PCT) has emerged as a poten-
tial new biomarker to replace traditional markers of bac-
terial infection such as CRP.” Procalcitonin is a 116—amino

acid calcitonin precursor peptide, which over the recent
years has generated widespread interest due to its pro-
duction by extra-thyroidal tissues in the course of a bac-
terial infection. Through a hormokine mechanism,
proinflammatory mediators such as tumor necrosis
factor-o and interleukin-6 cause overexpression of the
CALC-1 gene in parenchymal tissues, resulting in a dra-
matic increase in serum PCT levels.’

Interestingly, a similar increase in PCT release is not
observed in the course of viral infections. A possible
mechanism for this discrepancy was put forth by
Linscheid et al* who proposed that interferon-y release
in viral infections actually attenuates the release of PCT.
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This incongruence of release forms the basis for the
application of PCT as a biomarker to differentiate
between viral and bacterial causes of meningitis.

In the emergency setting of bacterial meningitis, the
traditional marker CRP has several potentially deleteri-
ous limitations. Its delayed elevation, 2 to 8 hours later
than PCT elevation,’ results in potentially fatal false
negative tests, early in the disease course.” Additionally,
studies have shown that CRP can be elevated in viral
infections,'™!" further limiting its usefulness as a bio-
marker to rapidly distinguish between bacterial and viral
infections.

The diagnostic accuracy of PCT in differentiating
between bacterial and viral meningitis in pediatric popu-
lations has been evaluated in several studies."'*"® The
results among these studies have varied with sensitivi-
ties ranging from 87.5%'” to 100%'® and specificities
ranging from 66%' to 100%,'® yet no consensus has
been reached on the clinical usefulness of PCT. Our aim
was to analyze the results from all available studies to
determine the true diagnostic accuracy and power of
PCT in distinguishing between bacterial and viral men-
ingitis in children, and its potential clinical use.

Methods

Search Strategy

We performed a literature search through March 1, 2015
of the PubMed, EMBASE, Science Direct, Scopus, Web
of Science, and Cochrane Library, to identify eligible
studies for the meta-analysis. The search strategy was
individually adjusted to each of the electronic databases.
The search terms included meningitis, meningism, pro-
calcitonin, PCT, S-PCT, and ProCT. No date or language
restrictions were set. The references of relevant articles
were also searched to ensure identification of all eligible
studies. PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines
were strictly followed during the search process and
throughout the entire meta-analysis.

Selection of Studies

Articles were considered eligible for inclusion in the
meta-analysis if they (1) investigated the diagnostic
accuracy of PCT to differentiate between bacterial and
viral meningitis in children, (2) measured the serum
level of PCT on admission, and (3) reported data neces-
sary to construct 2 x 2 tables (true positives, false posi-
tives, false negatives, true negatives). Studies were
excluded (1) if they studied exclusively adult popula-
tions, (2) if they reported incomplete data or did not pro-
vide data necessary to construct 2 x 2 tables, (3) if they

had a poor methodological quality, or (4) if they only
measured the cerebrospinal fluid levels of PCT.
Conference and poster abstracts, case reports, and letters
to the editors, were reviewed, but not included in the
meta-analysis. Each full-text article was independently
assessed by 3 authors (BMH, JV, and PKR) for eligibil-
ity in the meta-analysis. Any disagreements during the
eligibility processes were settled by a consensus among
the authors. When necessary, authors were contact by
email for further information regarding the study in
question or to request additional data. Articles in lan-
guages not spoken by the authors were translated by
medical professionals, who are fluent in both English
and the language of the article, from their original text
into English for further eligibility assessment.

Data Extraction

Data were independently extracted by 2 authors (JV and
JR) from the included studies. The data extracted
included sample size, mean age, age range, PCT and
CRP cutoffs, sensitivity, specificity, PCT assay method,
time of measurement, serum levels of PCT and CRP at
admission and after treatment, and the study definitions
of BM and VM. The authors then constructed 2 x 2
tables to calculate values of true positives (TP), false
positives (FP), false negatives (FN), and true negatives
(TN). In studies which reported diagnostic data on mul-
tiple cutoffs, the cutoff with the highest Youden index
score was pooled into the meta-analysis.'® Authors were
contacted by email in the event of discrepancies in the
data.

Quality Assessment

The Quality Assessment of Diagnostic Accuracy
Studies—2 (QUADAS-2), an evidence-based quality
assessment tool was used by 2 authors (JV and JR) to
assess the methodological quality of the included stud-
ies. The QUADAS-2 assesses risk of bias in four
domains (patient selection, index test, reference stan-
dard, and flow and timing) and applicability in 3 domains
(patient selection, index test, and reference standard) by
the use of signaling questions.”® Each domain was
ranked as high risk, unclear risk, or low risk by 2 inde-
pendent reviewers (JR and JV).

Statistical Analysis

Statistical analysis was performed in MetaDiSc 1.4 by
BMH using a random-effects model to calculate pooled
sensitivities, specificities, positive likelihood ratio
(LR+), negative likelihood ratio (LR—) and diagnostic
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synthesis (meta-analysis) (n = 8)

Figure |. Flowchart of study identification, evaluation and inclusion in the meta-analysis.

odds ratios (DOR). Summary receiver operating charac-
teristic (SROC) curves were formulated and area under
the curve (AUC) and index Q* (the point on the SROC
where sensitivity and specificity are equal) were calcu-
lated to assess overall diagnostic accuracy. For compar-
ing serum PCT levels or CRP levels between admission
and 3 days after the initiation of antimicrobial therapy,
an effect size was measured by standardized mean dif-
ference (SMD) calculated using RevMan 5.3 and inter-
preted by a set scale (<0.40 = small, 0.40-0.70 =
moderate and >0.70 = large).

Higgin’s I test was used to assess heterogeneity
among the studies with values of 25%, 50%, and 75%,
indicating low, moderate, and high degrees of heteroge-
neity, respectively. Threshold effect was examined using

Spearman correlation coefficient, with a P value <.05
being considered significant.”’ An asymmetrical funnel
plot was used to assess the potential for publication bias.

Results

Study Identification

The study identification process is summarized in Figure 1.
Initially, we identified 2,379 manuscripts through database
searching. A further 2 articles were added by reference
searching. After screening and duplicate removal, a total
of 47 articles were assessed for eligibility using their
full-texts. Of these, 39 articles were removed, leaving a
total of 8 articles that were deemed eligible and included
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in the meta-analysis. Two studies’* were excluded as

their data were expanded and included in the study by
Dubos et al.' The study by Gendrel et al** was excluded
as there was patient overlap with the study by Gendrel
et al in 1998." The study by Prasad et al*> was deemed
ineligible because their bacterial meningitis group
included partially treated patients.

Study Characteristics and Quality Assessment

The characteristics for included studies in this meta-analy-
sis is summarized in Table 1. A total of 8 studies (n =616
patients), 6 prospective and 2 retrospective were included
in the study. The studies demonstrated a wide geographical
distribution (Egypt, France, China, Turkey, Saudi Arabia,
Poland, Spain, and Switzerland). Of the included studies, 6
were in English, 1 in Chinese,'® and 1 in French.'* The
mean age in the studies ranged from 2.3 to 6.0 years.

All included studies measured serum PCT at admis-
sion in patients with suspected meningitis to distinguish
between bacterial and viral etiologies. Studies demon-
strated a variable cutoff range for PCT between 0.2 ng/
mL'*and 3.3 ng/mL"” with all studies using the LUMItest
PCT assay (BRAHMS Diagnostika, Berlin, Germany)
as their testing method.

All of the included studies confirmed the diagnosis of
BM using at least one of the following methods: direct
CSF examination, gram staining, positive bacterial cul-
ture, latex agglutination, or polymerase chain reaction
(PCR). The definition of viral meningitis varied between
studies. Two studies confirmed diagnosis of VM using
viral culture, serological testing, or reverse transcriptase
PCR.'*" The rest of the included studies defined the
diagnosis of VM based on typical CSF findings such as
pleocytosis with lymphocytic predominance and normal
glucose levels, with the exceptions of studies by Dubos
et al,""* which defined VM as acute onset of meningitis
with the absence of BM criteria.

The reported sensitivities of the studies measuring
PCT ranged from 87.5%'7 to 100%' and specificities
ranged from 66%'* to 100%."* Seven of the 8 studies also
measured CRP as a biomarker, with cutoff values ranging
from 1 mg/dL" to 20 mg/dL."* The reported sensitivity of
CRP ranged from 76%'2 to 100%'® and specificity ranged
from 66.7%' to 91.3%.'° Further information on the
included studies, including the data resulting from con-
struction of 2 x 2 tables, can be found in Appendix A.

Theincluded quality assessment using the QUADAS-2
tool is summarized in Figure 2.

Diagnostic Accuracy of Procalcitonin

Our results found PCT to be a very sensitive indicator of
BM, with pooled sensitivity of PCT equal to 0.96 (95%

CI=0.92-0.98) (Figure 3A). PCT was found to be a more
sensitive than specific marker of BM, with a pooled spec-
ificity equal to 0.89 (95% CI = 0.86-0.92) (Figure 3B).
The LR+ and LR— were 7.5 (95% CI=5.6-10.1) and 0.08
(95% CI = 0.04-0.14), respectively (Figure 4A and B).

Procalcitonin was found to be a very powerful diag-
nostic test, with a DOR of 142.3 (95% CI = 59.5-340.4)
(Figure 4C). No significant heterogeneity was found
among the studies for pooled DOR (> = 17.9%). A
SROC was constructed to measure the AUC and index
Q*, which were calculated to be 0.97 (SE = 0.01) and
0.91 (SE = 0.02), respectively (Figure 4D).

Diagnostic Accuracy of C-Reactive Protein

Six studies (n = 541 patients)"'*"*!>17" compared the

diagnostic accuracy of CRP with PCT. CRP was found to
be a significantly less sensitive marker of BM as com-
pared with PCT. Pooled sensitivity for CRP was only 0.70
(95% CI = 0.64-0.76) as compared with 0.96 for PCT
(Figure 5A). Pooled specificity was not significantly dif-
ferent from PCT at 0.83 (95% CI = 0.79-0.87) (Figure
5B). Pooled LR+ and LR— of CRP were 5.0 (95% CI =
2.7-9.1) and 0.27 (95% CI =0.12-0.63), respectively. The
superiority of PCT was demonstrated in the DOR, in
which the DOR of CRP was 16.7 (95% CI = 8.8-31.7) as
compared with the 142.3 of PCT. Only very low hetero-
geneity was detected for CRP (P = 24.1%). SROC was
generated and AUC was calculated to be 0.86 (SE = 0.02)
and the index Q* to be 0.79 (SE = 0.02).

Heterogeneity and Threshold Effect

Only mild, insignificant heterogeneity was detected for
pooled DORs for both PCT (7 = 17.9%) and CRP (I* =
24.1%). To explore if these mild differences were due to
the threshold effect, Spearmen correlation coefficient was
calculated for PCT and found to be nonsignificant (R =
—0.214, P =.61). Subgroup analysis was performed for 5
studies (n =473 patients),"'>'>'*!® which used a common
serum PCT cutoff of 0.5 ng/mL. The pooled sensitivity of
0.97 (95% CI = 0.93-0.99) and the pooled specificity of
0.88 (95% CI = 0.84-0.92), did not change significantly
from the general analysis. However, diagnostic odds ratio
did increase to 189.8 (95% CI = 69.1-521.4) with no
detectable heterogeneity (> = 0.0%). We suspect then that
the insignificant heterogeneity may have been caused by
the different cutoffs used among the included studies.

Procalcitonin Subgroup Analysis Based on
study definition of Viral Meningitis

Subgroup analysis was performed based on the defini-
tion of VM used in the individual studies. In a subgroup
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Figure 2. Summary of QUADAS-2 (Quality Assessment
of Diagnostic Accuracy Studies—2) assessment of included
studies.

of 2 studies (n = 124) that confirmed the diagnosis of
VM through microbiological methods, the pooled sensi-
tivity, specificity, and DOR for PCT were 0.95 (95%
CI = 0.84-0.99), 0.96 (95% CI = 0.88-0.99), and 355.2
(95% CI = 4.1-30524.2, I* = 76.3%), respectively.

In a subgroup of 6 studies (n= 531) that defined VM
based on either typical CSF changes or acute meningitis
in the absence of diagnostic criteria of BM, the pooled
sensitivity, specificity, and DOR of PCT were 0.96 (95%
CI =0.92-0.98), 0.88 (95% CI = 0.84-0.91), and 132.17
(95% CI = 56.3-310.4), respectively. While there were
slight differences between each subgroup and the general
PCT analysis, no difference achieved a level of statistical
significance. Furthermore, there were no significant dif-
ferences between the 2 subgroups themselves.

Publication Bias

The potential for publication bias was assessed through
a funnel plot (Figure 6), which revealed asymmetry
among the studies. We suspect that this asymmetry was
due to the limited number of studies available to include
in the meta-analysis.

Change in Serum Levels After Treatment

Three of the included studies (n = 126)'*'>!'" reported the
serum levels for both PCT and CRP at admission and 3
days postinitiation of antibiotic therapy in patients with
confirmed BM. To study how PCT and CRP levels
changed with antibiotic therapy in patients with confirmed

bacterial meningitis, we calculated the SMD between
admission and 3 days after initiation of antimicrobial
therapy for each inflammatory marker. The changes in
serum levels after therapy from admission are summa-
rized in Figure 7. For PCT, the serum levels were reduced
by at least 50% in each of the 3 studies, 3 days after treat-
ment. The SMD between admission and 3 days posttreat-
ment was 1.05 (95% CI = 0.67-1.42, P < .00001),
indicating a large and significant effect of the antibiotic
therapy. The changes in CRP, however, were highly vari-
able. In 2 of the studies, the level increased at 3 days post-
therapy as compared with admission, and in one study it
decreased. The SMD for CRP was not statistically signifi-
cant but indicated no effect after 3 days of antibiotic ther-
apy (—0.12, 95% CI=-0.48 to 0.24, P = .52).

Discussion

The use of PCT as a biomarker in pediatric populations is
not a completely novel concept. Several studies”®** have
demonstrated that PCT is a more diagnostically accurate
biomarker of serious bacterial infections (SBI) than con-
ventional biomarkers such as CRP and WBC. Recent find-
ings by Mahajan et al*”’ indicated the potential use of PCT as
an acute-phase biomarker for serious bacterial infections.
They reported higher PCT levels (2.9 + 5.6 ng/mL vs 0.4 =
0.8 ng/mL, P = .021) in young, febrile infants and children
with serious bacterial infections than those without it. A
review by Pierce et al*® showed that PCT levels can even be
used to tailor antibiotic therapy in children with acute bacte-
rial infection. Another recent review by Reyna-Figueroa
etal’ focused on PCT as a diagnostic biomarker of sepsis in
children with cancer, especially if accompanied by neutro-
penia and pyrexia. These diverse findings encourage the use
of PCT as the main biomarker in children with bacterial
infections of the central nervous system such as meningitis.

Our results found that PCT is a highly accurate test for
the differentiation of bacterial and viral etiologies in pedi-
atric patients with suspected meningitis. With a pooled
sensitivity of 0.96 and a pooled LR— 0f 0.08, a PCT assay
is a strongly accurate test for ruling out a bacterial cause
of meningitis. These results were far superior to that of
CRP, which was found to have a pooled sensitivity and a
pooled LR— of only 0.70 and 0.27, respectively.

To measure the value of performing a diagnostic test
and the degree to which it modifies the probability of a
disease, a likelihood ratio is used. Applying a likelihood
ratio after the results of the diagnostic test allows to cal-
culate the posttest probability. It is calculated from the
sensitivity and specificity of a test and the values of LR
range from O to infinity. A value equaling 1, indicates no
correlation with a disease and any values above and
below 1, increase or decrease the likelihood of having a
disease, respectively.*
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Figure 3. Pooled sensitivity (A) and specificity (B) for serum procalcitonin for the diagnosis of bacterial meningitis in children.

Specificity was found to be more similar between
PCT and CRP, with PCT still maintaining superior values
(0.89 vs 0.83). However, the superior power of PCT over
CRP is reflected in the DOR. Combining sensitivity and
specificity leads to the DOR, which is a single measure
reflecting the discriminatory effectiveness of a diagnos-
tic test. Ranging from 0 to infinity, higher values repre-
sent a greater ability to differentiate between diseased
and healthy subjects.” The DOR of PCT was 142.3 com-
pared with only 16.7 for CRP, indicating that PCT is a
much more clinically effective diagnostic measure than
CRP. Overall assessment was reflected in AUC which
was 0.97 for PCT assay as compared with 0.86 for CRP.

The PCT cutoffs in the included studies ranged from
0.2 to 3.3 ng/mL. When subgroup analysis was per-
formed on 5 of the 8 studies that used a common PCT
cutoff value of 0.5 ng/mL, sensitivity increased by only
1% (from 0.96 to 0.97) and specificity decreased by
only 1% (from 0.89 to 0.88). However, we would rec-
ommend the use of a 0.5 ng/mL cutoff for PCT, due to
the higher power, reflected in the increase in DOR from
142.3 in the general analysis, to 189.8 in the subgroup
with the 0.5 ng/mL cutoff.

The hormokine nature of PCT during bacterial infec-
tions makes it valuable as a potential biomarker when
rapid differentiation between bacterial and viral causes

of meningitis is required. Several studies’**° have also
suggested that quantification of serum PCT levels may
correlate with the severity of infections. As such, PCT
may be useful as a potential indicator of prognosis in
meningitis.”’**

In our study, we also attempted to assess how serum
levels of PCT and CRP change over the course of treat-
ment in BM, and to gain insight into which marker cor-
relates better with antimicrobial therapy. We found that
serum levels of PCT reduced by at least 50% from time of
admission to 3 days after the initiation of therapy, and that
the effect size of antibiotic therapy measured by SMD for
PCT levels was strong. This was in contrast to CRP, whose
serum levels varied across the studies, increasing in 2 stud-
ies from admission and decreasing in 1 study, and demon-
strated no effect of antibiotic therapy. This tendency is
supported by Hu et al,*® who found a significant decline in
serum PCT, 3 days after initiation of effective antibiotic
therapy. Conversely, in patients with poor clinical improve-
ment, serum PCT did not show a similar marked decrease.
The authors also investigated how serum PCT levels
reflect disease severity. Their findings showed that higher
serum PCT levels correlated with a more severe clinical
presentation and a higher mortality.*® As such, prolonged
elevation of serum PCT after administration of antibiotics
may reflect poor treatment efficacy, indicating the need



756

Clinical Pediatrics 55(8)

Positive LR (95% CI)

Alkoholi 2011 6.00 (2.09-17.21)
Dubos 2005 8.26 (5.09-13.38)
Dubos 2008 5.94 (3.85-9.17)
L] Gendrel 1998 10183 (6.45 - 1,607.46)
L] lbrahim 2011 16.89 (2.79-128.02)
Liu 2006 8.35 (2.88-30.29)
Mayah 2013 7.08 (2.80-17.89)
L] Onal 2008 25.53 (1.67 - 369.83)

Hl

. Random Effects Model
Pooled Positive LR = 7.49 (5.56 to 10.10)
Cochran-Q = 7.38: df = 7 (p =0.3907)
1607.5 Incansistency (l-square) = 5.1 %
Tau-squared = 0.0108

0.001 1
Pasitive LR

Diagnostic OR (35% CI)
Alkanal 2011
[ ] Duos 2006
| Dugs 2008
] Gendre 1998
L Torahim 2011
L] Liu 2005
Magah 2013
] Cral 2008

. Random Effects Mode!
Pocted Diagnostic 08s Rz
Cochran0 =852 df= Tip
2514665 Incorsistency (1-square]
Tawsouered = 0279

230 (5043 10 340.38)
2887)

0000 1
Diagnostic Odds Ratio

Negative LR (35% CI)

3 Alkoholi 2011 002 (0.03-0.44)

] Dubos 2006 011 {0.08-0.40)

L Dubos 2008 001 {0.00-0.08)
3 Gendrel 1998 002 {0.00-0.33)
] braim 2011 005 {0.01-0.39)

[ Liu 2008 003 {0.00-0.45)

] Mayah 2013 013 {0.05-0.39)

1 ] Onal 2008 0.08 (0.02-042)

. Random Eftects Model

Pooled Negative LR = 0.08 (0.04 10 0.14)
Cochran-Q =7.97; df = 7 (p=0.3350)
Inconsistency (I-square] = 12.2%
Tau-squared = 0.0939

0.001 7384

1
Negative LR

D
Sensiiity SROC Curve
1 -
L « N
Symmatric SROC
e 1 UC = 0.9655
SE(AUG) = 0.0113

0 =09128
SE(O) = 0.0174

[] 0z [ [ 08 1
1-speciicity

Figure 4. Pooled positive likelihood ratio (LR+) (A), negative likelihood ratio (LR-) (B), diagnostic odds ratio (DOR) (C), and
summary receiver operating characteristic (SROC) (D) for serum procalcitonin for the diagnosis of bacterial meningitis in children.

for prompt reevaluation of treatment, to prevent mortality
in children with BM. However, further studies are needed
to measure how serum PCT levels correlate with the effi-
cacy of antibiotic therapy, and the potential use of serum
PCT to evaluate prognosis in patients with BM.

In order for PCT testing to be widely and routinely
administered, health care costs must be taken into con-
sideration. Even though CRP is tested using numerous,
inexpensive assays costing between US$1 and US$10,”
a study by Nabulsi et al*” demonstrated that routine CRP
testing inflated hospital bills without affecting the medi-
cal decision making.* The turnaround time for CRP
tests is approximately 50 minutes, which can delay the
initiation of immediate intervention.*'

On the other hand, new PCT assays such as Kryptor,
which cost around US$10 and US$40,* have a signifi-
cantly shorter turnaround time of 20 minutes.** This pro-
vides a significant advantage to clinical usage of PCT,
thus allowing for a more rapid and appropriate imple-
mentation of treatment, as well as avoiding unnecessary
antibiotic therapy and associated costs.

Additionally, serum PCT levels have been demon-
strated as unchanging with the administration of nonste-
roidal anti-inflammatory drugs and glucocorticosteroids,
unlike those of CRP.** This is especially valuable in

the emergency setting of meningitis in children, in which
parents may have previously administered nonsteroidal
anti-inflammatory drugs to their children prior to admis-
sion, for symptomatic relief.

While CSF analysis is considered the gold standard
for the diagnosis of BM, PCT has been shown to outper-
form the traditional markers. In a 2010 retrospective,
multicenter, hospital-based cohort study by Dubos
et al,” the authors demonstrated that 99% of patients
with BM had a serum PCT level >0.5 ng/mL. This was
superior to the proportion of patients with positive tradi-
tional CSF values such as CSF gram staining (75%),
CSF protein level >50 mg/dL (88%), CSF protein level
>80 mg/dL (77%), and CSF neutrophil count >1000 x 10°
(53%). These results suggest that PCT may be an accurate
marker in patients with suspected meningitis and negative
or nonconclusive CSF results. However, further studies are
needed to explore the use of PCT as a diagnostic marker
in this patient group.

In the study by Onal et al,'® included in our meta-anal-
ysis, PCT had equal specificity to CSF leukocyte count,
CSF:blood glucose ratio, and CSF protein level, all of
which showed 100% specificity for BM. However, PCT
had a sensitivity of 93%, which was higher in comparison
with CSF leukocyte count (75%) and CSF protein level
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Figure 5. Pooled sensitivity (A) and specificity (B) for C-reactive protein (CRP) for the diagnosis of bacterial meningitis in

children.
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(85.7%), and equal to CSF:blood glucose ratio (93%)."*
The superior sensitivity of PCT as compared to traditional
CSF markers of BM, demonstrates its clinical usefulness
in collaboration with lumbar puncture for a more accurate
diagnosis of the etiology of suspected meningitis.
Bacterial meningitis is not diagnosed using CSF bio-
markers in isolation, rather clinicians often first rely on
physical signs in order to form a suspicion of the
patient’s condition. However, these signs do not demon-
strate perfect sensitivities and specificities for diagnos-
ing meningitis, and therefore, must be relied on with
caution. For example in children, Brudzinski’s sign has
been shown to have a sensitivity and specificity of
52.6% and 77.5%," Kernig’s sign has sensitivities rang-
ing from 9% to 51.4%" and specificities ranging from
87%" to 100%,"” and nuchal rigidity has sensitivities
ranging from 15%"" to 64.5%"® and specificities ranging
from 53.5%" to 100%." Other nonspecific clinical
signs such as headache has a sensitivity and specificity
of 76% and 53%, respectively, and photophobia had a
very low sensitivity of 28% and specificity of 88%.* As
such, it is important to take into account the entire clini-
cal picture when formulating a differential diagnosis.
There are a few important limitations of PCT that
must be considered when applying the assay clinically.
As noted above, due to the decline in PCT levels with
antibiotics, PCT may have limited use in children who
had recently taken antibiotics prior to presenting with
symptoms of meningitis. Another limitation for the use
of PCT in suspected meningitis is the presence of other
serious bacterial infections such as pneumonia and sep-
sis. As PCT is raised in most cases of serious bacterial
infections, the diagnostic accuracy of PCT is likely lim-
ited in children presenting with symptoms of acute men-
ingitis in the presence of other bacterial infections.”
Furthermore, it likely has a limited ability to differentiate

between BM and other causes of acute febrile encepha-
lopathy due a bacterial pathogen, such as a brain abscess.

Our meta-analysis was limited by the small number
of studies available for inclusion in the meta-analysis,
and the relatively small sample sizes of some of the
included studies. This was probably the source of the
asymmetry found in our funnel plot to probe publication
bias. No other publication bias testing method such as
Begg’s or Egger’s test was performed, as the current
tests for publication bias are primarily designed to assess
bias in interventional studies.**’ As such, these publica-
tion bias tests in diagnostic studies, have a low power
and can yield seriously misleading results.***" Accurate
determinants for assessment of publication bias in diag-
nostic studies are yet to be determined.*”>°

However, despite the limitations, no significant het-
erogeneity was detected between the studies. No signifi-
cant differences were found between subgroups based on
the study definition of VM. Furthermore, the use of the
same PCT testing assay by all of the studies also allowed
for more accurate pooling of the data. As such, our find-
ings provide strong evidence that PCT is a highly accu-
rate and powerful marker for bacterial meningitis.

With a turnaround time as short as 20 minutes,*” we
recommend that the test be applied clinically by physi-
cians in collaboration with clinical history, physical
examination, basic laboratory results, and CSF analy-
sis, to rapidly differentiate between bacterial and non-
bacterial meningitis in children. Because of its high
sensitivity, it can be used to quickly determine if a bac-
terial infection is the cause of suspected meningitis,
with an accuracy superior to that of most traditional bio-
markers. Hence, the clinical implementation of PCT
testing may increase the accuracy of meningitis diagno-
sis, and reduce unnecessary antibiotic therapy and hos-
pitalization costs.

Conclusions

Procalcitonin is a highly accurate and powerful diagnos-
tic serum biomarker that allows for rapid differentiation
between bacterial and viral etiologies in children with
suspected meningitis. PCT is a superior diagnostic test as
compared with CRP for detection of BM. Because of the
high sensitivity of PCT assays, we recommend its regular
use by physicians in the emergency setting for quickly
ruling out BM, and using it to supplement clinical his-
tory, physical examination, and CSF analysis for a more
accurate diagnosis. As such, PCT may help to reduce
unnecessary treatment and hospitalization. Finally, PCT
appears to be an effective marker to monitor the efficacy
of antimicrobial treatment, and could potentially be used
to assess prognosis in children with BM.
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