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-OBJECTIVE: The diagnosis and timely treatment of shunt
infections (SI) in children is of paramount importance. In
some cases, the standard cerebrospinal fluid (CSF) vari-
ables will not be sufficient for an accurate diagnosis of SI.
CSF lactate (LCSF) has been found to assist in differenti-
ating bacterial from nonbacterial meningitis in
non-neurosurgical patients. To the best of our knowledge,
the use of lactate in diagnosing or confirming the presence
of SI has not yet been discussed. The goal of the present
study was to describe the role of LCSF levels in children
with shunts and Ommaya reservoirs and to evaluate its role
in the accurate diagnosis of shunt-related infection.

-METHODS: We retrospectively collected data for a
consecutive series of pediatric patients treated at a large
tertiary pediatric neurosurgical department, for whom CSF
samples from shunts had been collected during a 2-year
period (2016e2017). The lactate levels were correlated
with the presence of SI.

-RESULTS: A total of 61 CSF samples were analyzed, with
6 SIs found. The LCSF levels and white blood cell count
were both found to correlate with the presence of CSF
infections. A cutoff value of ‡2.95 mmol/L reached a
sensitivity of 83%, specificity of 83%, and positive predic-
tive value of 50%. LCSF <2.95 mmol/L had a negative
predictive value of 96%.

-CONCLUSIONS: LCSF levels can be used as an addi-
tional chemical marker for the diagnosis and confirmation
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of SIs. An LCSF value of <2.95 mmol/L had a high negative
predictive value.
INTRODUCTION
hunt infections (SIs) in children with hydrocephalus have
been a major cause of morbidity and mortality worldwide.
SUp to 35% of children with a shunt will develop a SI.1-3 The

timely diagnosis, antibiotic treatment, and replacement of the
shunt hardware are crucial to reducing the morbidity when an SI
occurs.
The reference standard diagnosis of SI is based on a positive

cerebrospinal fluid (CSF) culture. However, in an acute setting
(before the final culture results are available), the clinical condi-
tion of the patient, CSF pleocytosis with a high percentage of
polymorphonuclear cells, the presence of hypoglycorrhachia, and
a positive gram stain are all suggestive of the presence of a bac-
terial infection and mandate antibiotic treatment. In certain situ-
ations, the clinical and standard CSF test results will not be
enough to diagnose SI (e.g., in partially treated children), and
nucleic acid detection by polymerase chain reaction (PCR) should
be performed.
In recent years, it has been shown that the lactate levels in the

CSF (LCSF) will correlate with the presence of spontaneous bac-
terial infections in both adults and children.4 Some studies have
suggested a role for LCSF as a marker of bacterial infection in
adults after a neurosurgical procedure.5-10 To the best of our
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knowledge, the role of LCSF in differentiating bacterial SI from
other conditions has not yet been described in children.
The goal of the present study was to evaluate the role of LCSF in

diagnosing SI or Ommaya reservoir infection in children.
METHODS

After institutional review board approval, we retrospectively
collected data from all the children with a shunt or Ommaya tap
who had undergone CSF analysis for various indications from
November 2015 to December 2017. The inclusion criteria were as
follows:

1. Age <20 years

2. Presented for neurosurgical care and required CSF analysis
from a shunt or an Ommaya reservoir

3. Available LCSF levels

4. Information regarding clinical history and course during hos-
pitalization available

Patients with missing data (missing LCSF or clinical course data
during hospitalization) were excluded from the analysis (no pa-
tients with a suspected SI were excluded). We also excluded pa-
tients who had undergone a neurosurgical procedure or sustained
a traumatic brain injury within 1 month of CSF sampling.

Diagnosis of Infection
Once a patient was suspected of having an infection because of
their clinical condition and/or traditional CSF findings
(excluding lactate levels), broad-spectrum antibiotics (vanco-
mycin plus ceftriaxone) were administered until the presence of
a bacterial infection had been verified. The definite diagnosis of
a central nervous system infection (e.g., meningitis, ven-
triculitis) was determined by positive culture or positive PCR
findings. In no case, did we continue antibiotics if all final
values (culture and/or PCR results) were negative. In the present
study, those patients with abdominal pseudocysts or shunt
erosion were excluded, unless the CSF culture or PCR findings
were positive.
In selected cases, nucleic acid detection by PCR was performed.

PCR was not routinely performed. It was reserved for questionable
cases in which the clinical condition had raised the suspicion of an
infection but the culture results were negative; however, the pa-
tient had recently received antibiotics, which could have led to a
distortion in the test results and partial treatment.
During the study period, none of the patients treated with this

algorithm had experienced an infection relapse attributed to
stopping the antibiotic regimen. Also, none of our treatment
decisions were altered or determined from the LCSF levels. Thus,
we considered patients who had not received a full course of
treatment (based on the absence of positive culture or PCR results)
to be “not infected.”
The collected data included demographic data, CSF results (red

blood cells, WBCs, percentage of polymorphonuclear cells,
glucose, protein, LCSF, gram stain, culture, and PCR if per-
formed). Specific technical details were recorded as follows:
e208 www.SCIENCEDIRECT.com WORLD NE
1. Recent (<48 hours) treatment with antibiotics (thus, consid-
eration of “partial treatment”)

2. Indications for CSF sampling: categorized as suspected infec-
tion or other indications, such as mechanical evaluation of
shunts, cytology analysis, or any other indication not related to
the suspicion of an infection

3. Existence of residual tumor or leptomeningeal spread

Lactate Measurement Technique
All CSF samples were analyzed using the RAPIDPoint 500 System
(Siemens Healthineers, Erlangen, Germany). This system has
typically been used for blood gas analysis. Because we were un-
aware of this limitation during the study period, and the study was
retrospective, an evaluation of this system’s accuracy for LCSF
measurement was performed. We analyzed an additional 19 CSF
samples (none of which were infected), using both the RAP-
IDPoint 500 System and a standardized verified technique (Beck-
man coulter reagent, using the Advia 2400 System [Siemens
Healthineers]). A full description of the measurement techniques
has been provided in Supplementary Appendix 1.
Agreement between measurement techniques was observed

using the interclass correlation coefficient for absolute agreement.
The Spearman correlation coefficient was used to evaluate the
correlation between both techniques, and the 1 sample t test was
used to compare the difference between methods to 0.
We found excellent agreement (interclass correlation coeffi-

cient, 0.964; P < 0.001) and a high correlation (r ¼ 0.951; P <
0.001) between the 2 methods. No significant difference was
found between the 2 methods (mean difference, 0.81; P ¼ 0.159).
The scatter plot and Bland-Altman plot are presented in
Supplementary Figures 1 and 2.

Statistical Analysis
The data were tabulated using an Excel spreadsheet (Microsoft,
Redmond, Washington, USA). SPSS Statistics, version 22, soft-
ware was used for all statistical analyses (IBM Corp., Armonk,
New York, USA). The categorical variables are reported as
numbers and percentages. Continuous variables were evaluated
for normal distribution using a histogram and are reported as the
median and interquartile range. The correlations between
continuous variables were evaluated using Spearman’s correlation
coefficient. The lactate levels were compared between categorical
variables using the Mann-Whitney U test or Kruskal-Wallis test.
All statistical tests were 2 tailed, and P values < 0.05 were
considered significant.

RESULTS

During a 26-month period, 142 spinal taps were performed (118
from shunt valves; 24 from Ommaya reservoirs). We excluded 27
patients who had undergone any neurosurgical surgery
(excluding shunt surgery) within 1 month before the tap owing
to the potential effect on the LCSF levels. An additional 54
duplicate taps from the same patients were also excluded,
because only the first tap for each patient was included.
Accordingly, 61 taps were included (54 from shunt valves and 7
from Ommaya reservoirs).
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Table 1. Differentiation Between Variables Stratified by Actual
Infection for Entire Group

Infection Patients (n) Median (IQR) P Value

Age at tap (months) 0.75

Yes 6 63.8 (18.7e123.4)

No 55 48.8 (12.4e121.5)

WBCs in CSF (cells/mL) 0.007

Yes 6 155 (5.2e1867.5)

No 52 1.5 (0e26.2)

PMN cells in CSF (%) 0.03

Yes 6 73 (23.5e87)

No 38 0 (0e65.5)

RBCs in CSF (cells/mL) 0.468

Yes 6 341 (0e4291)

No 51 0 (0e325)

Glucose in CSF (mg/dL) 0.176

Yes 6 35.5 (16.2e68.5)

No 55 60 (46e67)

Protein in CSF (mg/dL) 0.268

Yes 6 106 (17.7e251)

No 55 28 (10e123)

Lactate in CSF (mmol/L) 0.011

Yes 6 4.8 (2.5e9.4)

No 55 1.8 (1.4e2.5)
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The average patient age was 69 � 65 months (median, 54;
interquartile range, 12e116). The indications for the taps were as
follows:

1. Suspected infection, n ¼ 37

2. Verification of shunt flow, measurement of CSF pressure or
reduction, and cytology samples, n ¼ 24

Seven patients had a concurrent tumor or vascular lesion,
including pilocytic astrocytoma in 2, medulloblastoma in 2, gan-
glioglioma grade I, in 1, mature teratoma in 1, and cavernoma in 1.
Five patients had received antibiotics within 48 hours before the
spinal tap. Of the CSF samples, 6 were infected; all had been taken
from shunt taps. The pathogens included Staphylococcus epidermidis
in 3, Haemophillus influenzae in 1, Pseudomonas aurginosa in 1, and
Staphylococcus aureus in 1.
We analyzed 2 data sets: 1 consisting of the entire cohort and 1

consisting only of patients who had undergone a tap for a sus-
pected infection. For both data sets, the WBC and LCSF levels
were significantly greater for the infected group compared with
the noninfected group (Tables 1 and 2 and Figure 1).
Using the receiver operating characteristic analysis (area under

the curve, 0.785), an LCSF cutoff value of 2.95 mmol/L yielded a
sensitivity and specificity of 83%, a positive predictive value of
50%, and a negative predictive value of 96%. Thus, LCSF values
<2.95 mmol/L excluded the presence of an infection in 96% of
cases. However, values >2.95 mmol/L were associated with an
infection in only 50% of cases. In addition, 2 patients had had
initially reassuring CSF values (both had had normal glucose and
WBC levels). However, both were found to have an infection
(S. epidermidis in 1 and S. aureus in 1). Both had had low LCSF levels
(1.2 and 1.4 mmol/L).
IQR, interquartile range; WBCs, white blood cells; CSF, cerebrospinal fluid; PMN, poly-
morphonuclear; RBCs, red blood cells.
DISCUSSION

To the best of our knowledge, the present study is the first to eval-
uate the role of LCSF levels for differentiating infected and nonin-
fected CSF samples from shunts or Ommaya reservoirs in pediatric
neurosurgical patients. Our results suggest 2 important points.
First, we found a clear correlation between the LCSF levels and the
development of SIs. Second, LCSF levels <2.95 mmol/L seemed to
indicate a noninfected shunt (negative predictive value, 96%).
However, only 50% of cases with LCSF values >2.95 mmol/L were
associated with an infection (positive predictive value, 50%).
SIs will develop in �35% of hydrocephalic children.1-3,11 Most

infections occur during the first 3 months after shunt surgery;
however, late infections can also develop. Suspicion of a SI has
been based on clinical symptoms and signs, including fever,
headache, vomiting, nuchal rigidity, local signs of infection over a
shunt, and abdominal pain. Many patients with a shunt will not
present with clear symptoms of SI, either because of an overlap
with other concurrent diseases (e.g., fever, headache, vomiting,
abdominal pain) or because of the baseline neurological findings
(e.g., an inability to complain of headaches, spasticity). Thus,
differentiating between infected and noninfected CSF in a child
with fever will not always be trivial, and a CSF sample will be
required.
WORLD NEUROSURGERY 129: e207-e215, SEPTEMBER 2019
LCSF testing has been included in the evaluation of sponta-
neous meningitis to differentiate between bacterial and aseptic
meningitis in children and adults.4,12 Lactate is produced by
certain bacteria. Lactate is also a product of anaerobic metabolism
of the brain tissue caused by hypoperfusion and various cyto-
kines.6 It has been shown that LCSF has a greater sensitivity,
specificity, positive predictive value, and negative predictive
value compared with other conventional measures such as
glucose, protein, and cell count and differentiation.12,13 Other
parameningeal infections can also increase the LCSF levels.14,15 In
addition, it has been demonstrated that treatment with antibiotics
can alter the LCSF levels in spontaneous meningitis and that a low
LCSF level in pretreated patients does not rule out the presence of
bacterial meningitis.4,15

To date, we have found very limited data relating LCSF levels
in CSF samples taken from shunts.6 The indications for shunt
(or Ommaya) tapping include evaluation of an infection,
mechanical issues (to verify proximal or distal flow), and
oncological indications (e.g., cytology analysis or intrathecal
chemotherapy). In the present study, we have demonstrated
that in this subpopulation, the LCSF levels correlated with the
www.journals.elsevier.com/world-neurosurgery e209
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Table 2. Differentiation Between Variables Stratified by Actual
Infection for Patients with Suspected Infection

Infection Patients (n) Median (IQR) P Value

Age at tap (months) 0.105

Yes 6 63.8 (18.7e123.4)

No 31 14.2 (7.4e48.8)

WBCs in CSF (cells/mL) 0.046*

Yes 6 155.5 (5.2e1867)

No 30 7.5 (1e67.5)

PMN cells in CSF (%) 0.376

Yes 6 73 (23.5e87)

No 21 47 (2.5e79)

RBCs in CSF (cells/mL) 0.881

Yes 6 341 (0e4291)

No 29 20 (0e689)

Glucose in CSF (mg/dL) 0.185

Yes 6 35.5 (16.2e68.5)

No 31 55 (44e67)

Protein in CSF (mg/dL) 0.506

Yes 6 106 (17.7e251)

No 31 33 (15e155)

Lactate in CSF (mmol/L) 0.028*

Yes 6 4.8 (2.5e9.4)

No 31 1.9 (1.5e2.8)

IQR, interquartile range; WBCs, white blood cells; CSF, cerebrospinal fluid; PMN, poly-
morphonuclear; RBCs, red blood cells.

*Statistically significant.
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presence of infection, up to a cutoff of 2.95 mmol/L. However,
the strongest correlation with the LCSF levels was for
exclusion of an infection (<2.95 mmol/L). The positive
predictive value for levels >3 mmol/L demonstrated only a
50% correlation.
In addition, LCSF levels have been shown to increase in several

noninfectious clinical scenarios, such as stroke,16,17 seizures,14,18,19

head injury,14 and hypoglycemic coma.20 In addition, the effect of
CSF contaminated by blood on the LCSF levels is uncertain.
Begovac et al.21 stated that adding a blood drop to a CSF
sample would not alter the LCSF levels. Others have shown that
LCSF will be increased after in vitro and in vivo subarachnoid
hemorrhage.17,22-24

In adult neurosurgical patients, LCSF has been generally shown
to correlate with the presence of bacterial CNS infection, with high
sensitivity, specificity, and positive and negative predictive
values.5-10,25 Generally, most studies have focused on patients with
e210 www.SCIENCEDIRECT.com WORLD NE
suspected meningitis,5-10 with CSF sampled from lumbar taps,5-8

and LCSF was found to differentiate bacterial and nonbacterial
conditions. LCSF values of �3.45e5.9 mmol/L correlated signifi-
cantly with the presence of bacterial infection.5-8,10

Study Limitations
The present study was a retrospective analysis, and, as such, some
clinical data could have been missed. However, we had no false-
negative results of infection. All the patients had been followed
up over time and no late-onset infection developed, which could
have suggested a misdiagnosis at the time of CSF sampling.
The number of included cases was relatively small (61 patients

within 26 months), and only 6 of the patients had developed an
infection. However, to the best of our knowledge, the present
study is the largest to date to focus on this entity and might serve
as a baseline platform for future larger studies, potentially a
collaborative multicenter study.
Although some patients had antibiotic-impregnated shunts

and others did not, we are unaware of any effect of shunt
hardware on the LCSF levels. In addition, the present study had
not sought to correlate the LCSF levels with the type of hardware
used. In addition, no baseline LCSF levels were available.
Potentially, the LCSF levels could be altered (irrespective of any
infection) by the presence of hydrocephalus or the presence of
certain brain tumors in specific locations. Surgery, tissue
ischemia, and the use of blood products can also alter LCSF
levels. However, we did not include any patients who had un-
dergone recent surgery (within <1 month) or had recently
experienced a brain injury.
Because of the small number of infections, we could not

evaluate the effect of bacteria type or antibiotic response on the
LCSF levels. For the same reason, our receiver operating
characteristic analysis for sensitivity and specificity was limited.
It is possible that larger numbers would improve the area
under the curve value. We also could not discuss the natural
history of LCSF over time, because multiple samples were not
evaluated.

CONCLUSIONS

LCSF levels correlated with the presence of SIs. In our study, its
major role was in ruling out infection when the values were
<2.95 mmol/L. The role of LCSF in children who have under-
gone a recent neurosurgical procedure should be evaluated
further because neurosurgical procedures could also potentially
alter LCSF levels in noninfected patients. Thus, the above
interpretation of LCSF levels should be limited to patients
without recent surgery. We recommend further study of LCSF
levels in all children with a history of any neurosurgical disease
and a better definition of its value for infected and other
clinical conditions.
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Figure 1. Box plot distribution of cerebrospinal fluid lactate according to the presence or absence a cerebrospinal fluid
infection (P ¼ 0.011).

ORIGINAL ARTICLE

JONATHAN ROTH ET AL. CSF LACTATE AND SHUNT INFECTION IN CHILDREN
REFERENCES

1. Prusseit J, Simon M, von der Brelie C, et al.
Epidemiology, prevention and management of
ventriculoperitoneal shunt infections in children.
Pediatr Neurosurg. 2009;5:325-336.

2. Sarmey N, Kshettry VR, Shriver MF, et al. Evi-
dence-based interventions to reduce shunt in-
fections: a systematic review. Childs Nerv Syst. 2015;
4:541-549.

3. Simon TD, Kronman MP, Whitlock KB, et al,
Hydrocephalus Clinical Research Network. Patient
and treatment characteristics by infecting organ-
ism in cerebrospinal fluid shunt infection [e-pub
ahead of print]. J Pediatr Infect Dis Soc. 2018. https://
doi.org/10.1093/jpids/piy035.

4. Sakushima K, Hayashino Y, Kawaguchi T,
Jackson JL, Fukuhara S. Diagnostic accuracy of
cerebrospinal fluid lactate for differentiating bac-
terial meningitis from aseptic meningitis: a meta-
analysis. J Infect. 2011;4:255-262.

5. Grille P, Torres J, Porcires F, Bagnulo H. Value of
cerebrospinal fluid lactate for the diagnosis of
bacterial meningitis in postoperative neurosur-
gical patients. Neurocirugia (Astur). 2012;4:131-135.

6. Leib SL, Boscacci R, Gratzl O, Zimmerli W. Pre-
dictive value of cerebrospinal fluid (CSF) lactate
level versus CSF/blood glucose ratio for the diag-
nosis of bacterial meningitis following neurosur-
gery. Clin Infect Dis. 1999;1:69-74.
WORLD NEUROSURGERY 129: e207-e21
7. Li Y, Zhang G, Ma R, et al. The diagnostic value of
cerebrospinal fluids procalcitonin and lactate for
the differential diagnosis of post-neurosurgical
bacterial meningitis and aseptic meningitis. Clin
Biochem. 2015;48:50-54.

8. Maskin LP, Capparelli F, Mora A, et al. Cerebro-
spinal fluid lactate in post-neurosurgical bacterial
meningitis diagnosis. Clin Neurol Neurosurg. 2013;9:
1820-1825.

9. Tavares WM, Machado AG, Matushita H, Plese JP.
CSF markers for diagnosis of bacterial meningitis
in neurosurgical postoperative patients. Arq Neu-
ropsiquiatr. 2006;3A:592-595.

10. Zhang Y, Xiao X, Zhang J, Gao Z, Ji N, Zhang L.
Diagnostic accuracy of routine blood examina-
tions and CSF lactate level for post-neurosurgical
bacterial meningitis. Int J Infect Dis. 2017;59:50-54.

11. Vinchon M, Rekate H, Kulkarni AV. Pediatric hy-
drocephalus outcomes: a review. Fluids Barriers
CNS. 2012;9:18.

12. Huy NT, Thao NT, Diep DT, Kikuchi M, Zamora J,
Hirayama K. Cerebrospinal fluid lactate concen-
tration to distinguish bacterial from aseptic men-
ingitis: a systemic review and meta-analysis. Crit
Care. 2010;6:R240.

13. Viallon A, Desseigne N, Marjollet O, et al. Men-
ingitis in adult patients with a negative direct ce-
rebrospinal fluid examination: value of
cytochemical markers for differential diagnosis.
Crit Care. 2011;3:R136.
5, SEPTEMBER 2019 www.journals.els
14. Jordan GW, Statland B, Halsted C. CSF lactate in
diseases of the CNS. Arch Intern Med. 1983;1:85-87.

15. Brook I, Bricknell KS, Overturf GD, Finegold SM.
Measurement of lactic acid in cerebrospinal fluid
of patients with infections of the central nervous
system. J Infect Dis. 1978;4:384-390.

16. Busse O, Hoffmann O. CSF lactate and CT find-
ings in middle cerebral artery infarction: a
comparative study. Stroke. 1983;6:960-963.

17. Fujishima M, Sugi T, Choki J, Yamaguchi T,
Omae T. Cerebrospinal fluid and arterial lactate,
pyruvate and acid-base balance in patients with
intracranial hemorrhages. Stroke. 1975;6:707-714.

18. Brooks BR, Adams RD. Cerebrospinal fluid acid-
base and lactate changes after seizures in un-
anesthetized man II. Alcohol withdrawal seizures.
Neurology. 1975;10:943-948.

19. Brooks BR, Adams RD. Cerebrospinal fluid acid-
base and lactate changes after seizures in un-
anesthetized man. I. Idiopathic seizures.
Neurology. 1975;10:935-942.

20. Yao H, Sadoshima S, Nishimura Y, et al. Cere-
brospinal fluid lactate in patients with diabetes
mellitus and hypoglycaemic coma. J Neurol Neuro-
surg Psychiatry. 1989;3:372-375.

21. Begovac J, Bace A, Soldo I, Lehpamer B. Lactate
and glucose in cerebrospinal fluid heavily
contaminated with blood. Acta Med Croatica. 1991;
45:341-345.
evier.com/world-neurosurgery e211

http://refhub.elsevier.com/S1878-8750(19)31385-3/sref1
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref1
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref1
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref1
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref2
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref2
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref2
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref2
https://doi.org/10.1093/jpids/piy035
https://doi.org/10.1093/jpids/piy035
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref4
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref4
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref4
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref4
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref4
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref5
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref5
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref5
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref5
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref6
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref6
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref6
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref6
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref6
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref7
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref7
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref7
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref7
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref7
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref8
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref8
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref8
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref8
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref9
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref9
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref9
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref9
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref10
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref10
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref10
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref10
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref11
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref11
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref11
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref12
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref12
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref12
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref12
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref12
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref13
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref13
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref13
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref13
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref13
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref14
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref14
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref15
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref15
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref15
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref15
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref16
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref16
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref16
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref17
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref17
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref17
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref17
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref18
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref18
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref18
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref18
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref19
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref19
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref19
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref19
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref20
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref20
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref20
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref20
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref21
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref21
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref21
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref21
www.journals.elsevier.com/world-neurosurgery


ORIGINAL ARTICLE

JONATHAN ROTH ET AL. CSF LACTATE AND SHUNT INFECTION IN CHILDREN
22. Sugi T, Fujishima M, Omae T. Lactate and pyru-
vate concentrations, and acid-base balance of ce-
rebrospinal fluid in experimentally induced
intracerebral and subarachnoid hemorrhage in
dogs. Stroke. 1975;6:715-719.

23. Froman C, Smith AC. Metabolic acidosis of the
cerebrospinal fluid associated with subarachnoid
haemorrhage. Lancet. 1967;1:965-967.

24. Shannon DC, Shore N, Kazemi H. Acid-base
balance in hemorrhagic cerebrospinal fluid.
Neurology. 1972;6:585-589.
e212 www.SCIENCEDIRECT.com
25. Xiao X, Zhang Y, Zhang L, Kang P, Ji N. The
diagnostic value of cerebrospinal fluid lactate for
post-neurosurgical bacterial meningitis: a meta-
analysis. BMC Infect Dis. 2016;16:483.

Conflict of interest statement: The authors declare that the
article content was composed in the absence of any
commercial or financial relationships that could be construed
as a potential conflict of interest.

Received 18 March 2019; accepted 13 May 2019
WORLD NEUROSURGERY, http
Citation: World Neurosurg. (2019) 129:e207-e215.
https://doi.org/10.1016/j.wneu.2019.05.111

Journal homepage: www.journals.elsevier.com/world-
neurosurgery

Available online: www.sciencedirect.com

1878-8750/$ - see front matter ª 2019 Elsevier Inc. All
rights reserved.
s://doi.org/10.1016/j.wneu.2019.05.111

http://refhub.elsevier.com/S1878-8750(19)31385-3/sref22
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref22
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref22
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref22
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref22
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref23
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref23
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref23
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref24
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref24
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref24
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref25
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref25
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref25
http://refhub.elsevier.com/S1878-8750(19)31385-3/sref25
https://doi.org/10.1016/j.wneu.2019.05.111
www.journals.elsevier.com/world-neurosurgery
www.journals.elsevier.com/world-neurosurgery
www.sciencedirect.com/science/journal/18788750
www.sciencedirect.com/science/journal/18788750
https://doi.org/10.1016/j.wneu.2019.05.111


ORIGINAL ARTICLE

JONATHAN ROTH ET AL. CSF LACTATE AND SHUNT INFECTION IN CHILDREN
SUPPLEMENTARY APPENDIX 1: LACTATE
MEASUREMENT TECHNIQUE

All cerebrospinal fluid (CSF) samples were analyzed using the
RAPIDPoint 500 (Siemens Healthineers). This system is intended
for use in point of care and laboratory systems for blood gas
analysis, including lactate in whole blood. The lactate measure-
ment using the RAPIDPoint 500 system (Siemens Healthineers) is
performed by a sensor that incorporates amperometric technol-
ogy. The amperometric RAPIDPoint 500 (Siemens Healthineers)
lactate sensor interacts with the lactate sample to initialize the
process that ends in electrochemical potential. This potential is
directly proportional to the lactate concentration in the sample.
Thus, an evaluation of this system for CSF lactate measurement

was performed by analyzing 19 CSF samples using the RAPIDPoint
500 (Siemens Healthineers) compared with a standardized verified
technique (Beckman coulter reagent) using the Advia 2400
(Siemens Healthineers). L-lactate is oxidized to pyruvate and
hydrogen peroxide by lactate oxidase. A colored product is
WORLD NEUROSURGERY 129: e207-e215, SEPTEMBER 2019
produced by the reaction of peroxidase, hydrogen peroxide, 4-
aminoantipyrine, and a hydrogen donor. The colored product is
measured photometrically. The performance of this assay has
<2.1% coefficient of variation. This performance was approved in
the Advia 2400 (Siemens Healthineers) according to the conven-
tional validation protocol.
Agreement between measurement techniques was observed

using the interclass correlation coefficient for absolute
agreement. Spearman’s correlation coefficient was used to
evaluate the correlation between the 2 techniques, and the 1-
sample t test was used to compare the difference between the
2 methods to 0. Excellent agreement (interclass correlation
coefficient, 0.964; P < 0.001) and high correlation (r ¼ 0.951;
P < 0.001) was found between the 2 methods. No statistically
significant differences were found between the 2 methods
(mean difference, 0.81; P ¼ 0.159). A scatter plot and Bland-
Altman plot are presented in Supplementary Figures 1 and 2,
respectively.
www.journals.elsevier.com/world-neurosurgery e213
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Supplementary Figure 1. Scatter plot comparing the
measurement of lactate using the 2 methods. A
indicates that lactate was measured using the
RAPIDPoint 500 system (Siemens Healthineers), and B

indicates that lactate was measured using the Advia
2400 system (Siemens Healthineers). ICC, interclass
correlation coefficient.
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Supplementary Figure 2. Bland-Altman plot comparing
the measurement of lactate using the 2 methods. A
indicates that lactate was measured using the
RAPIDPoint 500 system (Siemens Healthineers), and B

indicates that lactate was measured using the Advia
2400 system (Siemens Healthineers). SD, standard
deviation.
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