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ABSTRACT The role of cerebrospinal fluid (CSF) lactate in tuberculosis meningitis (TBM)
diagnosis and prognosis is unclear. The aim of this study was to evaluate the performance
of CSF lactate alone and in combination with CSF glucose in predicting a diagnosis of
TBM and 14-day survival. HIV-positive Ugandan adults were investigated for suspected
meningitis. The baseline CSF tests included smear microscopy; Gram stain; cell count; pro-
tein; and point-of-care glucose, lactate, and cryptococcal antigen (CrAg) assays. Where
CrAg was negative or there was suspicion of TBM, a CSF Xpert MTB/RIF Ultra (Xpert Ultra)
test was performed. We recorded baseline demographic and clinical data and 2-week out-
comes. Of 667 patients, 25% (n = 166) had TBM, and of these, 49 had definite, 47 probable,
and 70 possible TBM. CSF lactate was higher in patients with definite TBM (8.0 mmol/L;
interquartile ratio [IQR], 6.1 to 9.8 mmol/L) than in those with probable TBM (3.4 [IQR, 2.5
to 7.0] mmol/L), possible TBM (2.6 [IQR 2.1 to 3.8] mmol/L), and non-TBM disease (3.5
[IQR 25 to 5.0] mmol/L). A 2-fold increase in CSF lactate was associated with 8-fold increased
odds of definite TBM (odds ratio, 8.3; 95% confidence interval [Cl], 3.6 to 19.1; P < 0.01)
and 2-fold increased odds of definite/probable TBM (odds ratio, 2.3; 95% Cl, 1.4 to 3.7;
P < 0.007). At a cut point of >5.5 mmol/L, CSF lactate could be used to diagnose defi-
nite TBM with a sensitivity of 87.7%, specificity of 80.7%, and a negative predictive value
of 98.8%. CSF lactate was not predictive of 2-week mortality.

IMPORTANCE Tuberculosis meningitis (TBM) is the most severe form of tuberculosis,
and its fatality is largely due to delays in diagnosis. The role of CSF lactate has not been
evaluated in patients with HIV presenting with signs and symptoms of meningitis.
In this study, using a point-of-care handheld lactate machine in patients with HIV-
associated meningitis, we showed that high baseline CSF lactate (>5.5 mmol) may be
used to rapidly identify patients with TBM and shorten the time to initiate treatment
with a similar performance to the Xpert Ultra assay for definite TBM. Elevated CSF lactate
levels, however, were not associated with increased 2-week mortality in patients with
HIV-associated TBM. Due to moderate specificity, other etiologies of meningitis should be
investigated.
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CSF Lactate in Tuberculosis Meningitis

uberculous meningitis (TBM) accounts for 1% to 5% of tuberculosis cases and remains

the most severe form of tuberculosis, with up to 60% mortality in some populations,
such as people with HIV in sub-Saharan Africa (1-4). TBM poses a diagnostic challenge due
to the paucibacillary nature of the disease, with approximately half of patients treated empir-
ically without microbiological confirmation (5). Making a diagnosis of definite (microbiologi-
cally confirmed) TBM requires identification of Mycobacterium tuberculosis in cerebrospinal
fluid (CSF) using either smear microscopy for acid-fast bacilli (AFB), mycobacterial culture, or
nucleic-acid amplification tests (6). CSF smear microscopy is highly dependent on the micro-
scopist’s expertise and has a sensitivity of less than 20% in most settings (7), while TB culture
turnaround times are typically too long to inform clinical practice. The Xpert MTB/RIF Ultra
(Xpert Ultra) assay is currently the best, most widely available CSF commercial nucleic-acid
amplification test for the diagnosis of TBM, with a run time of 84 min and a sensitivity of 45%
to 93% (6, 8, 9). However, in many African settings, a single Xpert instrument often serves a
large population, and samples can be queued, prolonging the turnaround time to days (8).
Centrifugation of CSF to concentrate bacilli is suggested for optimal results with Xpert, yet
such equipment is often not available at many laboratories in low-income settings (10).

Without reliable microbiologic or molecular techniques, CSF white blood cell pleocytosis,
high CSF protein (0.5 to 3 g/L), and low CSF glucose (<2.2 mmol/L, or CSF-to-blood glucose
ratio of <50%) in a patient with signs and symptoms of meningitis are suggestive of TBM
and used in making treatment decisions. However, the same findings could also suggest
bacterial or fungal meningitis (7, 11, 12). Abnormally low CSF glucose in particular has long
been part of the diagnostic criteria of TBM; however, it may be less accurate in HIV-associated
TBM and is not helpful in differentiating TBM from pyogenic meningitis (13-17). In order to
obtain better outcomes in TBM, one area that requires improvement is accurate point-of-care
diagnosis (13, 18).

CSF lactate is a rapid point-of-care test that has potential as a biomarker to differentiate
the etiologies of meningitis in low-resource settings. Recently, CSF lactate has been shown
to predict the survival of patients with HIV-associated cryptococcal meningitis in Uganda
(19). In a prospective study that enrolled 55 patients with TBM in India, CSF lactate was
higher in patients with definite TBM than in those with possible TBM, but it had limited prog-
nostic capacity (20). The diagnostic and prognostic utility of CSF lactate in TBM is currently
unclear (21).

We aimed to describe the diagnostic utility of CSF lactate in patients with suspected
TBM and explore whether lactate can predict 2-week mortality (22, 23). We evaluated
point-of-care CSF lactate and glucose (separately and in combination) in a cohort of predomi-
nantly HIV-positive adults with suspected meningitis in Uganda.

RESULTS

We reviewed data from 667 patients with HIV-associated meningitis in the screening
period. The differences in the baseline participant characteristics are described in Table 1.
The overall median age was 36 years (interquartile range [IQR], 30 to 43 years), and 59.5%
(n = 397) were men. There were 166 participants with definite (n = 49; 29.5%), probable
(n = 47; 28.3%), or possible TBM (n = 70; 42.2%). One participant was coinfected with TBM
and cryptococcal meningitis. Of those without TBM (n = 501), 423 had cryptococcal men-
ingitis, and other identified etiologies are shown in Table 1 footnotes.

Most patients presented with fever, headache, and low (<15) Glasgow coma scale (GCS)
scores although lower GCS and fever were more common among those with definite, prob-
able, or possible TBM than among those without TBM. The median CSF opening pressure
and median CSF white blood cell (WBC) counts were higher in the definite TBM group than
in the other groups, although the opening pressure was similar in the non-TBM group,
which largely comprised participants with cryptococcal meningitis. The baseline median
CSF lactate was higher among persons with definite TBM (8.0 [IQR, 6.9 to 9.8] mmol/L)
than in those with probable TBM (3.4 [IQR, 2.5 to 7.0] mmol/L), possible TBM (2.6 [IQR, 2.1
to 3.8] mmol/L), and non-TBM disease (3.5 [IQR, 2.5 to 5.4] mmol/L). Baseline median CSF
glucose was also lowest in the definite TBM group (23.4 [IQR, 18.0 to 50.5] mg/dL), followed

July/August 2022 Volume 10 Issue 4

Microbiology Spectrum

10.1128/spectrum.01618-22

2


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01618-22

CSF Lactate in Tuberculosis Meningitis

TABLE 1 Baseline clinical characteristics of study participants by TBM case definition?

Microbiology Spectrum

Value (median [IQR] or n [%]) for TBM classification:

Characteristic® Definite Probable Possible None* Overall P value
No. of participants 49 47 70 501 667
Age (yrs) 34 (27-37) 37 (30-47) 38 (31-48) 36 (30-42) 36 (30-43) 0.04
Women 20 (40.8) 19 (40.4) 32(45.7) 199 (39.7) 270 (40.5) 0.82
Wt (kg) 51.0 (50.0-55.0) 54.0 (50.0-60.0) 51.5 (50.0-60.0) 51.0 (48.0-59.5) 51.0 (48.0-60.0) 0.68
GCS < 15 44 (89.8) 39(83.0) 50(71.4) 192 (38.9) 325(49.2) <0.001
On ART 23 (52.3) 16 (40.0) 28 (46.7) 212 (43.2) 279 (43.9) 0.62
Time on ART (mo) 1.5(0.4-3.4) 2.0 (0.6-8.9) 11.1(1.9-32.3) 3.7 (0.8-33.7) 3.4(0.7-31.7) 0.05
No. of CD4 cells/uL 94 (45-150) 107 (31-263) 150 (56-260) 24 (9-57) 31(11-84) <0.001
Headache 46 (93.9) 37 (78.7) 46 (65.7) 444 (88.6) 573 (85.9) <0.001
Duration of headache (days) 14 (7-21) 21 (12-30) 17 (9-30) 14 (7-30) 14 (7-30) 0.10
Fever present 44 (89.8) 39(83.0) 55 (78.6) 213 (42.5) 351(52.6) <0.001
CSF metrics
Lactate (mmol/L) 8.0 (6.1-9.8) 3.4(2.5-7.0) 2.6(2.1-3.8) 3.5(2.5-5.0) 3.5(2.5-5.4) <0.001
Glucose (mg/dL) 23.4(18.0-50.5) 71.0 (43.0-100.0) 97.6 (68.0-125.0) 64.0 (40.0-88.3) 64.9 (39.6-93.7) <0.001
Opening pressure (cmH,0) 23 (13-30) 14 (11-22) 13 (9-19) 21 (13-30) 20 (12-29) <0.001
No. of WBC/uL 48 (4-160) 4 (4-85) 4 (4-4) 4 (4-35) 4 (4-35) <0.001
CSF WBC < 5 cells/ulL 14 (31.8) 27 (60.0) 53 (81.5) 322 (67.1) 416 (65.6) <0.001
Protein (mg/dL) 105.0 (56.0-184.0) 89.5 (35.0-137.0) 74.0 (32.0-104.0) 58.0 (30.0-104.0) 61.0 (30.0-111.0) <0.001
Sterile culture 42 (97.7) 41 (100.0) 66 (100.0) 149 (30.8) 298 (47.0) <0.001
CrAg positive 1(2.0) 0(0.0) 0(0.0) 418 (83.6) 419 (62.9) <0.001
Days to LP 1(1-1) 1(1-1) 1(1-1) 1(1-1) 1(1-1) <0.001

aData are median (IQR) or n (%). P values are Kruskal-Wallis or chi-square.

bART, antiretroviral therapy; CrAg, cryptococcal antigen; CSF, cerebrospinal fluid; GCS, Glasgow coma score; LP, lumbar puncture; WBC, white blood cell count.
¢In those without TBM by the Marais criteria, the diagnoses were cryptococcal meningitis (n = 423), cryptococcal antigenemia with no evidence of cryptococcal meningitis

(n = 26), bacterial meningitis (n = 13), and viral meningitis (n = 20). Three other cases received empirical TBM treatment but did not meet case definitions, and the

remaining cases without TBM did not have a firm alternative diagnosis (n = 16).

by the non-TBM (64 [IQR, 40 to 88.3] mg/dL), probable TBM (71 [IQR, 43 to 100] mg/dL), and
possible TBM (97.6 [IQR, 68 to 125] mg/dL) groups.

In univariate and multivariate logistic regression analyses (Table 2), the baseline log, CSF
lactate was significantly associated with a diagnosis of definite TBM (univariate odds ratio
[OR], 9.1; 95% Cl, 5.3 to 15.8; P < 0.001); even after adjustment for GCS scores of <15, CD4 T
cell count (per 25 cells), and CSF WBC counts of =5 cells per L, there remained a significant
relationship (adjusted OR [aOR], 8.3; 95% Cl, 3.6 to 19.1; P < 0.001). Alternatively stated, for

TABLE 2 Baseline associations of CSF lactate and CSF glucose with TB meningitis®®

Data for TBM classification:

Definite Probable Probable or definite
Univariate predictor OR (95% Cl) P value OR (95% Cl) P value OR (95% ClI) P value
Women 1.015 (0.562-1.835) 0.96 0.998 (0.545-1.825) >0.99 1.007 (0.648-1.564) 0.97
Age (per 10 yrs) 0.764 (0.564-1.037) 0.08 1.163 (0.883-1.532) 0.28 0.947 (0.766-1.171) 0.62
GCS < 15 10.33 (4.042-26.41) <0.001 5.574(2.563-12.12) <0.001 8.495 (4.625-15.60) <0.001
CSF WBC > 5 cells/ulL 4,582 (2.374-8.844) <0.001 1.297 (0.697-2.411) 0.41 2.583 (1.639-4.068) <0.001
CD4 cell count (per 25 cells) 1.071(1.016-1.130) 0.01 1.166 (1.093-1.245) <0.001 1.187 (1.117-1.261) <0.001
CSF lactate 9.144 (5.305-15.76) <0.001 1.234 (0.844-1.805) 0.28 3.288 (2.407-4.492) <0.001
CSF glucose 0.346 (0.250-0.478) <0.001 1.205 (0.895-1.621) 0.22 0.622 (0.498-0.776) <0.001
Multivariable models
Model 1
CSF lactate 8.346 (3.647-19.10) <0.001 0.644 (0.355-1.169) 0.15 2.311(1.430-3.734) <0.001
Model 2
CSF glucose 0.284 (0.167-0.482) <0.001 1.322 (0.864-2.022) 0.20 0.577 (0.405-0.823) <0.01
Model 3
CSF lactate 6.086 (2.560-14.47) <0.001 0.707 (0.373-1.340) 0.29 1.920(1.155-3.192) 0.01
CSF glucose 0.404 (0.237-0.690) <0.001 1.215 (0.763-1.935) 0.41 0.690 (0.475-1.004) 0.05

aCSF lactate and CSF glucose are on the log, scale; the odds ratio for these predictors is per doubling of the biomarker measurement (mmol/L).

bCSF lactate and CSF glucose are adjusted for GCS < 15, WBC > 5, and CD4 cell count.
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TABLE 3 Associations of baseline CSF lactate and CSF glucose with TB meningitis

Negative predictive

CSF parameter TBM classification Cut point? Sensitivity (%) Specificity (%) value (%)

CSF lactate (mmol/L) Definite 5.50 87.76 80.74 98.81
Probable 8.00 23.40 90.32 93.96
Definite or probable 5.50 60.42 81.79 92.48

CSF glucose (mg/dL) Definite 30.00 61.22 85.92 96.55
Probable 33.00 91.49 19.52 96.80
Definite or probable 38.00 44,79 79.33 89.53

aCut points were determined with separate models for lactate and glucose to maximize the area under the ROC curve using the Youden (J) index method.

every doubling of CSF lactate (mmol/L), there was an 8-fold increase in the probability that
the patient had definite TBM. Lower baseline log, CSF glucose was also associated with a di-
agnosis of definite TBM (odds ratio, 0.346; 95% Cl, 0.25 to 0.48; P < 0.001), and the relation-
ship became more pronounced after adjustment (aOR, 0.28; 95% Cl, 0.16 to 0.48; P < 0.001).
Those models combining CSF lactate and glucose each predicted definite TBM, though with
lesser magnitudes than when used alone (Table 2).

We examined the diagnostic performance of categorical cut points for TBM diagnosis.
Cut points of >5.5 mmol/L for CSF lactate and <30 mg/dL for CSF glucose were derived
based on the values that maximized the area under the receiver operating characteristic
(ROQ) curve. Using these cut points, CSF lactate showed a sensitivity of 87.8%, a specificity
of 80.7%, and a negative predictive value of 98.8% for diagnosing definite TBM, whereas
CSF glucose showed a sensitivity of 61.2%, a specificity of 85.9%, and a negative predictive
value of 96.5%. When the reference standard of definite/probable TBM was applied, using
the same cut point for lactate but <38 mg/dL for glucose, the sensitivity and negative pre-
dictive values decreased for both CSF lactate (60.4% and 92.4%, respectively) and glucose
(44.8% and 89.5%, respectively) (Table 3).

Figure 1 shows that, in general, the definite TBM group had higher CSF lactate and
lower CSF glucose values, while the probable and possible TBM groups tended to have
lower CSF lactate and higher CSF glucose values. The “none” or non-TBM disease group had
more mixed values, likely owing to the general inadequacy of TBM diagnostics, such that
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FIG 1 Scatter plot of CSF glucose and lactate by consensus definitions of TBM. The plot shows that
the group with definite TBM (red squares) had higher CSF lactate and lower CSF glucose scores than did the
groups with probable TBM (black circles) and possible TBM (blue triangles). The green squares show the
heterogenous nature of the non-TBM group, with some having high CSF lactate and glucose.
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Any Mycobacterial Lactate > 5.5
Positive Test mmol/L

Glucose <30 mg/dL

FIG 2 Venn diagram of definite or probable TBM cases (n = 96) and diagnostic test results for TBM-
specific tests, CSF lactate, and CSF glucose. Participants with any positive mycobacterial test (AFB smear,
culture, or Xpert Ultra; n = 49) are shown in one circle, those with CSF lactate above 5.5 mmol/L in another,
and those with CSF glucose of <30 mg/dL in the last. Fifteen probable TBM cases met the cut points for CSF
glucose and/or lactate. Importantly, 32 cases of probable TBM did not have a positive mycobacterial test or
meet the cut points for either glucose or lactate.

some cases may be included in this group, and the nonspecific nature of CSF lactate and
CSF glucose. Figure 2 shows the benefit of adding CSF lactate and CSF glucose measures to
the diagnosis of TBM. Among the 96 cases with definite or probable TBM, 49 were definite,
and 15 cases met the cut points for CSF glucose and/or lactate; thus, they may have more
likely been considered TBM clinically had these cut points been in use. Thirty-two cases of
probable TBM did not meet the cut points for CSF glucose or lactate.

The overall 14-day mortality in the definite TBM group was 20.4% (10/49), and in the
definite or probable TBM group, it was 20.8% (20/96). CSF lactate did not predict the 14-day
mortality of patients with definite TBM (hazard ratio, 1.46; 95% Cl, 045 to 54.7; P = 0.52) or
definite/probable TBM (hazard ratio, 1.4; 95% Cl, 0.82 to 2.7; P = 0.2). Similarly, CSF glucose
alone or when modeled in combination with CSF lactate did not reliably predict 14-day mor-
tality (see Text S1 in the supplemental material).

DISCUSSION

In this study, we examined the diagnostic and prognostic value of baseline CSF lactate
among Ugandan adults with suspected TBM. Our study highlights the potential usefulness
of CSF lactate in the rapid diagnosis of TBM in people living with HIV. A baseline CSF lactate
value above 5.5 mmol/L had a sensitivity of 87.8% in the diagnosis of definite TBM and
60.4% in the diagnosis of definite/probable TBM. This is similar to the sensitivity of the Xpert
Ultra assay in some studies (8) and, with immediate results at the bedside, may reduce the
time to treatment initiation. However, with a specificity of ~80%, a CSF lactate value
of >5.5 mmol/L does not exclude alternative etiologies, including cerebral malaria, cryptococ-
cal meningitis, cerebral injury, subarachnoid hemorrhage, seizures, and ischemia (21, 24-27),
hence the need to investigate other etiologies in parallel.
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Our results are consistent with two other diagnostic studies. In a Viethamese cohort of
132 adults, CSF lactate was associated with microbiologic confirmation of TBM (odds ratio,
14; 95% Cl, 1.1 to 1.7; P = 0.001) (28). In a large multisite study in Vietnam and South Africa
including 618 adults, of whom 31% were HIV positive, an association between log, CSF lac-
tate and definite TBM remained significant (odds ratio, 3.4; 95% Cl, 1.3 to 9.1; P = 0.012) after
adjustment for baseline CSF findings, HIV status, and geographical location (29).

Although CSF glucose is the most widely used biomarker for TBM currently, we found
that a baseline CSF glucose value of <<38 mg/dL had only 68% sensitivity and 80% specific-
ity for definite TBM. This is similar to findings from a prospective study done in Peru, a low
HIV prevalence setting, where a CSF glucose level of =50cmg/dL had a sensitivity of 69.5%
and a specificity of 63.5% for diagnosing TBM (16), although in our study, the sensitivity
dropped to <45% with definite or probable TBM. Furthermore, adding glucose to lactate
did not appreciably improve the performance of CSF lactate alone. Previous studies have
shown that low CSF glucose cannot be used to reliably differentiate TBM from pyogenic
meningitis (30, 31), and it is possible that some of the patients in the probable TBM group
had undiagnosed bacterial meningitis.

The pathogenesis of cerebral ischemia in TBM leading to elevated CSF lactate is ill
defined. Some patients with TBM develop vasculitis in the basal meningeal vessels and
perforating branches of the middle meningeal artery (24), which may lead to ischemia
and brain edema. In such ischemic states, there are shifts from aerobic to anaerobic
metabolism in the brain cells, producing lactate (25). TB-infected microglia cells also respond
to ischemia by mobilizing glucose and increasing extracellular lactate, which is later used to
generate reactive oxygen species and for oxidative phosphorylation (26). This explains the
high lactate and low glucose levels in patients with severe forms of TBM. It should, however,
be noted that elevated CSF lactate may occur without ischemia as well.

In a recent study of patients with HIV-associated cryptococcal meningitis, high baseline
CSF lactate was associated with mortality, yet we were not able to replicate those findings
in TBM (19). In a prospective cohort of 21 HIV-negative patients with TBM, high CSF lactate
and low CSF glucose were significant predictors of 7-day mortality (27). However, baseline
CSF lactate and CSF glucose did not predict 14-day (or 7-day) survival in our study. Other
factors that affect cerebral oxygen delivery, such as baseline blood pressure and anemia,
which would contribute to high CSF lactate and low glucose in patients with chronic men-
ingitis (32) and lead to poor outcomes, were not measured.

Our findings are most generalizable to HIV-associated TBM. The external generalizability
of our findings remains to be examined in other settings, particularly those with lower HIV
prevalence among the study population. Further studies are also needed to explain what, if
any, relationships exist between CSF lactate and other host markers of TBM disease (such as
tumor necrosis factor alpha [TNF-q], interleukin-6, and tryptophan, among others) in people
living with HIV (33).

Our study has several limitations. First, CSF glucose is one criteria used in assigning the
TBM case definitions; therefore, collinearity is present in the glucose analyses that utilize these
definitions. Yet glucose is but one of many factors in the TBM cases definitions, and so, while
there is likely some effect, it is unlikely that this limitation significantly changes the overall find-
ings as they pertain to CSF glucose and TBM in this analysis. The retrospective nature of the
analysis is another limitation in that it does not allow us to ascertain whether real-time clinical
benefit occurs by utilizing the point-of-care tests as they are conducted. A further limitation is
the nonspecific possible TBM group, which is heterogenous in an HIV-positive population and
likely overstates the probability of TBM being a realistic possibility in many of these cases.

Conclusion. Our data showed that point-of-care CSF lactate is a useful biomarker to
aid diagnosis of TBM at the bedside that may help reduce the time to treatment initiation
while other test results are awaited. A cut point of >5.5 mmol/L has a sensitivity similar to
the CSF Xpert Ultra assay, although the low specificity means that investigation for
other potential causes of presentation should be pursued in the absence of confirmation of
M. tuberculosis infection. Importantly, even combining CSF lactate with the Xpert Ultra assay
would not be adequate to rule out TBM in our patient population. More research is needed
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to better understand the role of lactate at the host-pathogen interface during Mycobacterium
tuberculosis infection. Inclusion of CSF lactate when developing clinical diagnostic scoring
systems for the TBM consensus case definition should be considered.

MATERIALS AND METHODS

Study setting and study population. We retrospectively reviewed data from patients who presented
with symptoms of a central nervous system (CNS) infection to Kiruddu National Referral Hospital and
Mbarara Regional Referral Hospital, Uganda, between April 2017 and March 2022. Patients underwent
lumbar puncture as part of the screening process for three clinical trials (34-36) and an observational
cohort focused on meningitis diagnostics (9). Following informed consent, a diagnostic lumbar puncture
was performed with CSF collection. Participants were followed until hospital discharge, 2 weeks in hospital, or
death, whichever came first. For participants who were discharged prior to completion of 2 weeks, the study
team ascertained their status through a phone call. TBM diagnosis was based on the published 2010 uniform
case definition (37), where definite TBM was defined as microbiological confirmation of Mycobacterium tubercu-
losis in CSF using microscopy, mycobacteria culture, or nucleic-acid amplification tests, probable TBM was
defined as a total diagnostic score of =12 points in the presence of brain imaging and =10 points in the ab-
sence of brain imaging, and possible TBM was defined as a diagnostic score of 6 to 9 points without brain
imaging or 6 to 11 points with brain imaging. Patients were classified as non-TBM if another diagnosis was
confirmed, such as cryptococcal meningitis, or if their diagnostic score was <6 points.

CSF analysis. Upon lumbar puncture, the following point-of-care CSF testing was performed: (i) glu-
cose using a handheld automated glucometer (LifeScan, Malvern, PA, USA), (ii) cryptococcal antigen
(CrAg) via lateral flow assay (LFA) (IMMY, Norman, OK, USA), and (iii) lactate via a handheld lactate reader
(Nova Biomedical, Waltham, MA, USA). We also sent CSF for routine analysis that included total protein,
total white cell count and differentials, Gram and Ziehl-Neelsen stains, Xpert Ultra, and routine bacterial
culture. Where the above-described tests were nondiagnostic, we performed a FilmArray meningoence-
phalitis multiplex PCR (Biofire, Salt Lake City, UT), which tests for 14 common bacterial, fungal, and viral
CNS pathogens, not including Mycobacterium tuberculosis.

Statistical analysis. Our primary objectives were to evaluate the diagnostic accuracy of CSF lactate
and glucose for TBM, as well as their relationship with 2-week mortality. To describe the baseline demographic
and clinical characteristics, we compared medians across the definite, probable, possible, and non-TBM groups,
using Kruskal-Wallis or chi-square tests as appropriate. Logistic regression models with continuous CSF lactate
and CSF glucose on the log, scale (separately and combined) were used to predict the TBM status for two dif-
ferent comparisons: (i) participants with definite TBM compared to those with probable, possible, or non-TBM
disease; and (i) participants with definite/probable TBM compared to those with possible or non-TBM disease.
The adjusted models included covariates for Glasgow coma scale (GCS) scores of <15, CD4 count (per 25 cells),
and CSF white blood cell counts of =5 cells/uL. Receiver operating characteristic (ROC) analysis was performed
to determine the optimal cut point values for baseline CSF lactate and CSF glucose to maximize the area under
the curve for the two events and evaluate the sensitivity, specificity, and negative predictive values for the cut
point presented. All statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC, USA).

Ethical approval. All participants or their legal representatives (where the patient had altered men-
tation) provided written informed consent. All studies were approved by the Mulago National Research Ethics
Committee, the Uganda National Council of Science and Technology, and the University of Minnesota.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.02 MB.

ACKNOWLEDGMENTS

We thank all study participants and their caretakers.

We also thank the Infectious Diseases Institute for research support. This work was
supported by the National Institute of Neurologic Diseases and Stroke (ROTNS086312),
the Fogarty International Center (K01TW010268 and R25TW009345), the National Institute
of Allergy and Infectious Diseases (T32Al055433), United Kingdom Medical Research
Council/DfID/Wellcome Trust Global Clinical Trials (M007413/1 and 210772/2/18/Z). N.CB. is
supported by the National Institutes of Health and the National Institute of Neurologic
Disorders and Stroke via K23NS110470. F.V.C. was supported by a Wellcome PhD Fellowship
(210772/2/17/Z) and an NIHR Academic Clinical Lectureship (CL-2020-27-001).

We declare no conflicts of interest aside from research funding. Funders had no role
in the study design, interpretation, or publication.

E.N. N.CB., and F.V.C. worked on the study conception, study design, data interpretation,
and manuscript writing/editing. N.CB. and F.V.C. also acquired funding. KH.H. and A.B. led
the data analysis and interpretation and critically reviewed the manuscript. D.B.M. and D.R.B.
acquired funding, assisted with the study design, and edited the manuscript. SJ., MR, JK,

July/August 2022 Volume 10 Issue 4

Microbiology Spectrum

10.1128/spectrum.01618-22

7


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01618-22

CSF Lactate in Tuberculosis Meningitis

Microbiology Spectrum

KKT, EK, LT, KS., AKM.,, and C.M. performed data acquisition and critically reviewed the
manuscript.

REFERENCES

1.

Ruslami R, Ganiem AR, Dian S, Apriani L, Achmad TH, van der Ven AJ,
Borm G, Aarnoutse RE, van Crevel R. 2013. Intensified regimen containing
rifampicin and moxifloxacin for tuberculous meningitis: an open-label,
randomised controlled phase 2 trial. Lancet Infect Dis 13:27-35. https://
doi.org/10.1016/51473-3099(12)70264-5.

. Cecchini D, Ambrosioni J, Brezzo C, Corti M, Rybko A, Perez M, Poggi S,

Ambroggi M. 2007. Tuberculous meningitis in HIV-infected patients: drug
susceptibility and clinical outcome. AIDS 21:373-374. https://doi.org/10.1097/
QAD.0b013e328012b84d.

. Woldeamanuel YW, Girma B. 2014. A 43-year systematic review and meta-

analysis: case-fatality and risk of death among adults with tuberculous meningi-
tis in Africa. J Neurol 261:851-865. https://doi.org/10.1007/500415-013-7060-6.

. Stadelman AM, Ellis J, Samuels THA, Mutengesa E, Dobbin J, Ssebambulidde

K, Rutakingirwa MK, Tugume L, Boulware DR, Grint D, Cresswell FV. 2020. Treat-
ment outcomes in adult tuberculous meningitis: a systematic review and meta-
analysis. Open Forum Infect Dis 7:0faa257. https://doi.org/10.1093/ofid/ofaa257.

. Thwaites G, Chau T, Mai N, Drobniewski F, McAdam K, Farrar J. 2000. Tu-

berculous meningitis. J Neurol Neurosurg Psychiatry 68:289-299. https://
doi.org/10.1136/jnnp.68.3.289.

. Donovan J, Cresswell FV, Thuong NTT, Boulware DR, Thwaites GE, Bahr

NC, Tuberculous Meningitis International Research Consortium. 2020. Xpert
MTB/RIF ultra for the diagnosis of tuberculous meningitis: a small step forward.
Clin Infect Dis 71:2002-2005. https://doi.org/10.1093/cid/ciaa473.

. Poplin V, Boulware DR, Bahr NC. 2020. Methods for rapid diagnosis of

meningitis etiology in adults. Biomark Med 14:459-479. https://doi.org/
10.2217/bmm-2019-0333.

. Bahr NC, Nuwagira E, Evans EE, Cresswell FV, Bystrom PV, Byamukama A,

Bridge SC, Bangdiwala AS, Meya DB, Denkinger CM, Muzoora C, Boulware DR,
ASTRO-CM Trial Team. 2018. Diagnostic accuracy of Xpert MTB/RIF Ultra for tu-
berculous meningitis in HIV-infected adults: a prospective cohort study. Lancet
Infect Dis 18:68-75. https://doi.org/10.1016/51473-3099(17)30474-7.

. Cresswell FV, Tugume L, Bahr NC, Kwizera R, Bangdiwala AS, Musubire AK,

Rutakingirwa M, Kagimu E, Nuwagira E, Mpoza E, Rhein J, Williams DA,
Muzoora C, Grint D, Elliott AM, Meya DB, Boulware DR, ASTRO-CM Team.
2020. Xpert MTB/RIF Ultra for the diagnosis of HIV-associated tuberculous
meningitis: a prospective validation study. Lancet Infect Dis 20:308-317.
https://doi.org/10.1016/51473-3099(19)30550-X.

. Bahr NC, Tugume L, Rajasingham R, Kiggundu R, Williams DA, Morawski B,

Alland D, Meya DB, Rhein J, Boulware DR. 2015. Improved diagnostic sensitivity
for tuberculous meningitis with Xpert MTB/RIF of centrifuged CSF. Int J Tuber
Lung Dis 19:1209-1215. https://doi.org/10.5588/ijtld.15.0253.

. Chow E, Troy SB. 2014. The differential diagnosis of hypoglycorrhachia in

adult patients. Am J Med Sci 348:186-190. https://doi.org/10.1097/MAJ
.0000000000000217.

. Shrikanth V, Salazar L, Khoury N, Wootton S, Hasbun R. 2015. Hypoglycorrha-

chia in adults with community-acquired meningitis: etiologies and prognostic
significance. Int J Infect Dis 39:39-43. https://doi.org/10.1016/}.ijid.2015.08.001.

. Leonard JM. 2017. Central nervous system tuberculosis. Microbiol Spectr

5:5.2.11. https://doi.org/10.1128/microbiolspec. TNMI7-0044-2017.

. Marx GE, Chan ED. 2011. Tuberculous meningitis: diagnosis and treatment over-

view. Tuberc Res Treat 2011:798764. https://doi.org/10.1155/2011/798764.

. Pasco PM. 2012. Diagnostic features of tuberculous meningitis: a cross-sectional

study. BMC Res Notes 5:49. https://doi.org/10.1186/1756-0500-5-49.

. Solari L, Soto A, Agapito JC, Acurio V, Vargas D, Battaglioli T, Accinelli RA,

Gotuzzo E, van der Stuyft P. 2013. The validity of cerebrospinal fluid pa-
rameters for the diagnosis of tuberculous meningitis. Int J Infect Dis 17:
e1111-5-e1115. https://doi.org/10.1016/.ijid.2013.06.003.

. Youssef FG, Afifi SA, Azab AM, Wasfy MM, Abdel-Aziz KM, Parker TM, Oun

SA, Jobanputra NN, Hajjeh RA. 2006. Differentiation of tuberculous men-
ingitis from acute bacterial meningitis using simple clinical and labora-
tory parameters. Diagn Microbiol Infect Dis 55:275-278. https://doi.org/
10.1016/j.diagmicrobio.2006.01.027.

. Thwaites G, Fisher M, Hemingway C, Scott G, Solomon T, Innes J, British

Infection Society. 2009. British Infection Society guidelines for the diagnosis
and treatment of tuberculosis of the central nervous system in adults and chil-
dren. J Infect 59:167-187. https://doi.org/10.1016/},jinf.2009.06.011.

July/August 2022 Volume 10 Issue 4

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

. Abassi M, Bangdiwala AS, Nuwagira E, Kandole Tadeo K, Okirwoth M,

Williams DA, Mpoza E, Tugume L, Ssebambulidde K, Huppler Hullsiek K,
Musubire AK, Muzoora C, Rhein J, Meya DB, Boulware DR. 2021. Cerebro-
spinal fluid lactate as a prognostic marker of disease severity and mortal-
ity in cryptococcal meningitis. Clin Infect Dis 73:e3077-e3082. https://doi
.0rg/10.1093/cid/ciaa1749.

Siddiqi Z, Siddigi MS, Fatma J, Karoli R, Singhal V, Gupta M. 2018. Cerebro-
spinal fluid lactate in tubercular meningitis: diagnostic or prognostic marker? J
Assoc Physicians India 66:18-21.

Donovan J, Figaji A, Imran D, Phu NH, Rohlwink U, Thwaites GE. 2019. The
neurocritical care of tuberculous meningitis. Lancet Neurol 18:771-783.
https://doi.org/10.1016/51474-4422(19)30154-1.

Froman C, Smith AC. 1967. Metabolic acidosis of the cerebrospinal fluid
associated with subarachnoid haemorrhage. Lancet 289:965-967. https://
doi.org/10.1016/5S0140-6736(67)92354-9.

DeSalles AA, Kontos HA, Becker DP, Yang MS, Ward JD, Moulton R,
Gruemer HD, Lutz H, Maset AL, Jenkins L. 1986. Prognostic significance of
ventricular CSF lactic acidosis in severe head injury. J Neurosurg 65:615-624.
https://doi.org/10.3171/jns.1986.65.5.0615.

Rock RB, Olin M, Baker CA, Molitor TW, Peterson PK. 2008. Central nervous
system tuberculosis: pathogenesis and clinical aspects. Clin Microbiol Rev
21:243-261. https://doi.org/10.1128/CMR.00042-07.

Kiran D, Basaraba RJ. 2021. Lactate metabolism and signaling in tubercu-
losis and cancer: a comparative review. Front Cell Infect Microbiol 11:
624607. https://doi.org/10.3389/fcimb.2021.624607.

Mason S, van Furth AM, Mienie LJ, Engelke UFH, Wevers RA, Solomons R,
Reinecke CJ. 2015. A hypothetical astrocyte-microglia lactate shuttle
derived from a 1 H NMR metabolomics analysis of cerebrospinal fluid
from a cohort of South African children with tuberculous meningitis.
Metabolomics 11:822-837. https://doi.org/10.1007/511306-014-0741-z.
Thwaites GE, Simmons CP, Than Ha Quyen N, Thi Hong Chau T, Phuong
Mai P, Thi Dung N, Hoan Phu N, White NP, Tinh Hien T, Farrar JJ. 2003. Patho-
physiology and prognosis in Vietnamese adults with tuberculous meningitis. J
Infect Dis 188:1105-1115. https://doi.org/10.1086/378642.

Thwaites GE, Chau TTH, Farrar JJ. 2004. Improving the bacteriological di-
agnosis of tuberculous meningitis. J Clin Microbiol 42:378-379. https://
doi.org/10.1128/JCM.42.1.378-379.2004.

Heemskerk AD, Donovan J, Thu DDA, Marais S, Chaidir L, Dung VTM, Centner
CM, Ha VTN, Annisa J, Dian S, Bovijn L, Mai NTH, Phu NH, Chau NVV, Ganiem AR,
Van CT, Geskus RB, Thuong NTT, Ruslami R, Meintjes G, van Crevel R, Wilkinson
RJ, Thwaites GE. 2018. Improving the microbiological diagnosis of tuberculous
meningitis: a prospective, international, multicentre comparison of conventional
and modified Ziehl-Neelsen stain, GeneXpert, and culture of cerebrospinal fluid.
JInfect 77:509-515. https://doi.org/10.1016/jinf.2018.09.003.

Thwaites GE, Chau TTH, Stepniewska K, Phu NH, Chuong LV, Sinh DX,
White NJ, Parry CM, Farrar JJ. 2002. Diagnosis of adult tuberculous menin-
gitis by use of clinical and laboratory features. Lancet 360:1287-1292.
https://doi.org/10.1016/S0140-6736(02)11318-3.

Liu Q, Gao Y, Zhang B, Sun F, Yang Q, Liu Y, Wu J, Chen K, Weng X, Zhang
W, Huang R, Shao L. 2020. Cytokine profiles in cerebrospinal fluid of
patients with meningitis at a tertiary general hospital in China. J Microbiol
Immunol Infect 53:216-224. https://doi.org/10.1016/j.jmii.2018.08.019.
Diehl JW, Hullsiek KH, Okirwoth M, Stephens N, Abassi M, Rhein J, Meya
DB, Boulware DR, Musubire AK, ASTRO-CM Trial Team. 2018. Cerebral oximetry
for detecting high-mortality risk patients with cryptococcal meningitis. Open
Forum Infect Dis 5:0fy105. https://doi.org/10.1093/ofid/ofy105.

Donovan J, Thwaites GE, Huynh J. 2020. Tuberculous meningitis: where
to from here? Curr Opin Infect Dis 33:259-266. https://doi.org/10.1097/QCO
.0000000000000648.

Rhein J, Huppler Hullsiek K, Tugume L, Nuwagira E, Mpoza E, Evans EE,
Kiggundu R, Pastick KA, Ssebambulidde K, Akampurira A, Williams DA,
Bangdiwala AS, Abassi M, Musubire AK, Nicol MR, Muzoora C, Meya DB,
Boulware DR, ASTRO-CM Team. 2019. Adjunctive sertraline for HIV-associated
cryptococcal meningitis: a randomised, placebo-controlled, double-blind
phase 3 trial. Lancet Infect Dis 19:843-851. https://doi.org/10.1016/51473
-3099(19)30127-6.

10.1128/spectrum.01618-22 8


https://doi.org/10.1016/S1473-3099(12)70264-5
https://doi.org/10.1016/S1473-3099(12)70264-5
https://doi.org/10.1097/QAD.0b013e328012b84d
https://doi.org/10.1097/QAD.0b013e328012b84d
https://doi.org/10.1007/s00415-013-7060-6
https://doi.org/10.1093/ofid/ofaa257
https://doi.org/10.1136/jnnp.68.3.289
https://doi.org/10.1136/jnnp.68.3.289
https://doi.org/10.1093/cid/ciaa473
https://doi.org/10.2217/bmm-2019-0333
https://doi.org/10.2217/bmm-2019-0333
https://doi.org/10.1016/S1473-3099(17)30474-7
https://doi.org/10.1016/S1473-3099(19)30550-X
https://doi.org/10.5588/ijtld.15.0253
https://doi.org/10.1097/MAJ.0000000000000217
https://doi.org/10.1097/MAJ.0000000000000217
https://doi.org/10.1016/j.ijid.2015.08.001
https://doi.org/10.1128/microbiolspec.TNMI7-0044-2017
https://doi.org/10.1155/2011/798764
https://doi.org/10.1186/1756-0500-5-49
https://doi.org/10.1016/j.ijid.2013.06.003
https://doi.org/10.1016/j.diagmicrobio.2006.01.027
https://doi.org/10.1016/j.diagmicrobio.2006.01.027
https://doi.org/10.1016/j.jinf.2009.06.011
https://doi.org/10.1093/cid/ciaa1749
https://doi.org/10.1093/cid/ciaa1749
https://doi.org/10.1016/S1474-4422(19)30154-1
https://doi.org/10.1016/S0140-6736(67)92354-9
https://doi.org/10.1016/S0140-6736(67)92354-9
https://doi.org/10.3171/jns.1986.65.5.0615
https://doi.org/10.1128/CMR.00042-07
https://doi.org/10.3389/fcimb.2021.624607
https://doi.org/10.1007/s11306-014-0741-z
https://doi.org/10.1086/378642
https://doi.org/10.1128/JCM.42.1.378-379.2004
https://doi.org/10.1128/JCM.42.1.378-379.2004
https://doi.org/10.1016/j.jinf.2018.09.003
https://doi.org/10.1016/S0140-6736(02)11318-3
https://doi.org/10.1016/j.jmii.2018.08.019
https://doi.org/10.1093/ofid/ofy105
https://doi.org/10.1097/QCO.0000000000000648
https://doi.org/10.1097/QCO.0000000000000648
https://doi.org/10.1016/S1473-3099(19)30127-6
https://doi.org/10.1016/S1473-3099(19)30127-6
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01618-22

CSF Lactate in Tuberculosis Meningitis

35.

36.

Cresswell FV, Ssebambulidde K, Grint D, Te Brake L, Musabire A, Atherton
RR, Tugume L, Muzoora C, Lukande R, Lamorde M, Aarnoutse R, Meya DB,
Boulware DR, Elliott AM. 2018. High dose oral and intravenous rifampicin
for improved survival from adult tuberculous meningitis: a phase Il open-
label randomised controlled trial (the RifT study). Wellcome Open Res 3:
83. https://doi.org/10.12688/wellcomeopenres.14691.1.

Marais S, Cresswell FV, Hamers RL, Te Brake LHM, Ganiem AR, Imran D,
Bangdiwala A, Martyn E, Kasibante J, Kagimu E, Musubire A, Maharani K,
Estiasari R, Kusumaningrum A, Kusumadjayanti N, Yunivita V, Naidoo K,

July/August 2022 Volume 10 Issue 4

37.

Microbiology Spectrum

Lessells R, Moosa Y, Svensson EM, Huppler Hullsiek K, Aarnoutse RE, Boulware
DR, van Crevel R, Ruslami R, Meya DB. 2019. High dose oral rifampicin to
improve survival from adult tuberculous meningitis: a randomised placebo-
controlled double-blinded phase Il trial (the HARVEST study). Wellcome Open
Res 4:190. https://doi.org/10.12688/wellcomeopenres.15565.1.

Marais S, Thwaites G, Schoeman JF, Torok ME, Misra UK, Prasad K, Donald
PR, Wilkinson RJ, Marais BJ. 2010. Tuberculous meningitis: a uniform case
definition for use in clinical research. Lancet Infect Dis 10:803-812. https://doi
.0rg/10.1016/51473-3099(10)70138-9.

10.1128/spectrum.01618-22 9


https://doi.org/10.12688/wellcomeopenres.14691.1
https://doi.org/10.12688/wellcomeopenres.15565.1
https://doi.org/10.1016/S1473-3099(10)70138-9
https://doi.org/10.1016/S1473-3099(10)70138-9
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01618-22

	RESULTS
	DISCUSSION
	Conclusion.

	MATERIALS AND METHODS
	Study setting and study population.
	CSF analysis.
	Statistical analysis.
	Ethical approval.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

