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Aim: Tuberculosis meningitis (TBM) diagnosis is difficult, new biomarkers are needed. We evaluated the
diagnostic utility of delta-like 1 protein (DLL1), vitamin D binding protein (VDBP) and fetuin. Methods:
Biomarker concentrations were measured by ELISA in cryopreserved cerebrospinal fluid from 139 HIV-
infected Ugandans with suspected meningitis. TBM was diagnosed by GeneXpert MTB/Rif or culture. Co-
hort diagnoses included TBM (n = 22), cryptococcal (n = 71), or aseptic meningitis (n = 16) and no meningitis
(n = 30). Results: DLL1 (cut-off value 1150 pg/ml) provided 32% sensitivity and 98% specificity. Adding fe-
tuin, cryptococcal antigen and IFN-γ resulted in sensitivities of 36, 63 and 76% with specificities of 98, 90
and 92%, respectively. VDBP (cut-off value 2.0 μg/ml) provided 81% sensitivity and 68% specificity while
fetuin (cut-off value 2 μg/ml) provided a sensitivity of 86% and specificity of 68%. Conclusion: CSF DLL1,
VDBP and fetuin exhibited fair diagnostic performance for TBM diagnosis.
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Meningitis due to Mycobacterium tuberculosis (TB) is the deadliest form of TB. In settings where TB-HIV co-
infection is common, mortality is often >50% and survivors frequently experience significant neurologic disabil-
ity [1]. Diagnostic delay drives mortality in TB meningitis (TBM) [2–5]. Ziehl–Neelsen staining for acid-fast bacilli
(AFB) is rapid but sensitivity is poor (∼10–15%) [6,7]. Mycobacterial culture demonstrates approximately 60%
sensitivity compared with the uniform clinical case definition, but slow growth precludes rapid clinical decision-
making [6,8]. GeneXpert MTB/Rif and GeneXpert MTB/Rif Ultra are rapid with accuracy at least as good as
culture; however, up to a third of cases are likely still missed [9,10]. A rapid, accurate diagnostic method of detecting
TB in the cerebrospinal fluid (CSF) would likely improve clinical outcomes.

DLL1 is a transmembrane protein involved, as a part of the Notch-ligand family, in the differentiation of multiple
human cell lines, including adipocytes [11–13]. Mycolic acid chains (fatty acid chains) are key cell wall components
of M. tuberculosis [14]. Additionally, DLL1 has been found to selectively drive antigen-specific Th1 cell responses [15]

and DLL1 polymorphisms increase susceptibility to other intracellular (i.e., Th1 response inducing) organisms,
such as leishmaniasis [16]. DLL1 may selectively drive similar Th1 responses in persons infected with TB [17]. Prior
studies in China have raised DLL1 as a possible TBM diagnostic marker however, case definitions were unclear
and investigation in other populations are needed [18–21].

A second, host-derived biomarker is VDBP. Vitamin D is thought to influence the immune response to M.
tuberculosis and VDBP plays a role in macrophage activation, which is important in the immune response to
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TB [22,23]. VDBP has shown promise as a biomarker in studies of bovine tuberculosis [24,25]. No studies have
systematically analyzed VDBP for use as a biomarker in TBM.

Third, the protein fetuin inhibits release of the proinflammatory ‘high mobility group box one’ which is
released from macrophages and monocytes when stimulated by IFN-γ, TNF-α, (cytokines associated with TB
infection) [26,27]. Fetuin has shown promise as a biomarker of bovine tuberculosis in two studies [24,25], and Tanaka
and colleagues found lower levels of fetuin in persons with active TB versus controls in Japan and Vietnam by
whole blood electrophoresis, immunoblot and plasma ELISA detection [28]. Fetuin has not been studied in TBM.

Given data regarding the use of DLL1 for TBM diagnosis are inadequate and that no such data exist for VDBP
or fetuin, we evaluated the diagnostic utility of these biomarkers in differentiating TBM from other forms of
meningitis in an HIV-infected African population. We hypothesized that one of more of these biomarkers would
provide adequate diagnostic accuracy for use as adjunct tools to TBM diagnosis.

Methods
CSF samples were collected as a part of two clinical trials, the Cryptococcal Optimal ART Timing (COAT) trial
(clinicaltrials.gov identifier NCT01075152) [29] and the Adjunctive Sertraline for the treatment of HIV-Associated
Cryptococcal Meningitis (ASTRO-CM) trial (clinicaltrials.gov identifier NCT01802385) [30]. Both trials screened
HIV-infected individuals with presumed meningitis at Mulago National Referral Hospital in Kampala, Uganda.
Eligibility criteria were clinical suspicion of meningitis, and all participants or their surrogates (in case of altered
subject mental status) provided written informed consent. Both trials received institutional review board approvals
via the University of Minnesota, Mulago Hospital, and the Uganda National Council for Science and Technology.
Samples were selected based on convenience of sample availability.

Diagnostic testing
Cryptococcal meningitis was diagnosed by cryptococcal antigen lateral flow assay (CRAG; IMMY Inc, OK,
USA) [31]. TB microbiological diagnosis was obtained by automated PCR via GeneXpert MTB/Rif – Xpert
(Cepheid, CA, USA) or by modified growth tube inhibitor culture (Becton Dickinson, NJ, USA) [10]. All subjects
had bacterial gram stain and culture completed. DLL1, VDBP and fetuin concentrations were measured on cryop-
reserved CSF (-80◦C) using the human soluble DLL1 ELISA (AdipoGen Inc., Incheon, South Korea), and VDBP
and Fetuin ELISA kits (R&D Systems, MN, USA). Luminex magnetic bead technology (Bio-Rad Laboratories,
CA, USA) measured 17 cytokines and chemokines IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13,
IL-17, G-CSF, GM-CSF, IFN-γ, TNF-α, MCP-1 (or CCL2), MIP-1β (or CCL4) on cryopreserved specimens.
Data collection was prospective aside from measurement of DLL-1, VDBP, fetuin, and chemokine/cytokine mea-
surements which were performed on cryopreserved specimens. Indeterminate tests were deemed negative. Missing
data on the index tests and/or reference tests were not included in analysis of the biomarker in question.

Case definitions
Subjects with positive CSF CRAG were determined to have cryptococcal meningitis. Subjects with a positive Xpert
or culture were determined to have TB meningitis (definite TB meningitis per consensus case definitions) [32].
Subjects with negative bacterial, Cryptococcus, and TB meningitis testing but with substantial CSF inflammation
(protein ≥100 mg/dl or white cells ≥10 cells/μl) were deemed to have aseptic meningitis. Those subjects with
negative TB and cryptococcal testing and no substantial inflammation were determined to have ‘no meningitis’.

Statistical analysis
Clinical and demographic data were grouped by diagnosis (TBM, cryptococcal meningitis, aseptic meningitis or
no meningitis) and compared using ANOVA, and χ2 tests as appropriate. Age, CD4 count, CSF protein, CSF
white blood cell count, headache duration, DLL1, VDBP and fetuin were log2-transformed for use in baseline
characteristic comparisons and logistic regression. Area under the curve (AUC) was calculated using a receiver
operator characteristic curve. Logistic regression was used to evaluate combined and separate utilities of CSF
measurement of DLL1, VDBP and fetuin as well as all 17 chemokines and cytokines as diagnostic tests for TBM.
Spearman correlation was used to test correlation between chemokine/cytokines and concentrations of DLL1,
VDBP and fetuin. Multiple cut-off values for each of DLL1, VDBP and fetuin were used to optimize AUC for
sensitivity. Statistical analysis was done using SPSS version 21 (IBM Inc., NY, USA).
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Table 1. Participant characteristics compared between subjects with cryptococcal meningitis, tuberculosis meningitis,
aseptic meningitis and no meningitis.
Characteristic Cryptococcal meningitis

(n = 71)
Tuberculosis
meningitis (n = 22)

Aseptic meningitis
(n = 16)

No meningitis (n = 30) p-value

Sex, n (%) males 48 (68) 12 (55) 7 (44) 12 (40) 0.046

Age in years 36 (31–42) 37 (34–44) 34 (30–43) 36 (29–45) 0.782

CSF total protein, mg/dl† 76 (34–114) 132 (71–213) 190 (84–278) 30 (20–47) �0.001

CSF white blood cells,
cells/μl

�5 (�5–40) 70 (�5–178) 58 (26–138) �5 (�5–�5) �0.001

CSF% lymphocytes‡ 100% (100–100%) 100% (100–100%) 96% (78–100%) NA 0.001

Alive at hospital
discharge, %

63% 58% 75% 89% 0.075

CD4 T-cell count, cells/μl§ 15 (7–52) 55 (46–150) 55 (12–1305) 63 (13–197) 0.001

Headache duration,
days¶

14 (7–28) 14 (8–28) 14 (8–30) 14 (7–30) 0.782

CSF DLL1, pg/ml# 422 (304–544) 870 (558–1233) 671 (463–780) 233 (172–379) �0.001

CSF VDBP μg/ml†† 1.55 (0.74–2.71) 4.72 (2.97–8.96) 3.48 (1.30–9.11) 0.62 (0.34–1.10) �0.001

CSF Fetuin μg/ml†† 1.55 (0.82–2.37) 3.30 (2.19–4.55) 3.10 (1.42–4.24) 0.51 (0.29–0.76) �0.001

Numeric values given in medians with interquartile range or n (%). p-values are from ANOVA tests, comparing log2 transformed mean values or � 2 test as applicable.
†29 subjects with no meningitis had this measurement.
‡Only conducted when �5 WBCs/μl. 23 subjects with cryptococcal meningitis, 15 with TB meningitis, 12 for aseptic meningitis and 0 for no meningitis had this measurement.
§68 subjects with cryptococcal meningitis, 12 with TB meningitis, six with aseptic meningitis and 13 with no meningitis had this measurement.
¶20 subjects with TB meningitis, 15 with aseptic meningitis and 24 with no meningitis had this measurement.
#27 subjects for no meningitis had this measurement.
††15 subjects for aseptic meningitis and 22 for no meningitis had this measurement.
CSF: Cerebrospinal fluid; NA: Not available.

Results
A total of 139 participants were recruited and had a full diagnostic workup carried out. All subjects had gram stain
and bacterial culture completed, none were positive. DLL1 was tested in 136 specimens, while fetuin and VDBP
were tested in 130 specimens, based on CSF specimen volume availability. In total, 71 participants were diagnosed
with cryptococcal meningitis, 22 participants with TB meningitis, 16 participants with aseptic meningitis (negative
CRAG and TB testing but significant inflammation) and 30 with no meningitis (negative CRAG, TB testing and
no significant inflammation).

Participant characteristics
Participant baseline characteristics are compared by diagnosis in Table 1. Total protein and white blood cell count
were higher in patients with TBM or aseptic meningitis than in the patients with cryptococcal meningitis or no
meningitis. The percentage of lymphocytes was higher in the patients with cryptococcal meningitis or TBM than
those with aseptic meningitis. Percent male was higher, and CD4 count lower in those with cryptococcal meningitis
compared with all other groups. Glucose was not measured in enough samples to analyze. Mortality at hospital
discharge was similar between the groups though this study was not powered to detect mortality differences.

DLL1 CSF concentrations
Geometric mean DLL1, Fetuin and VDBP values were statistically compared by diagnosis and median numeric
values with interquartile ranges (IQRs) presented in Table 1. The patients with TBM (n = 22) or aseptic meningitis
(n = 16) had a significantly higher geometric mean DLL1 levels than did patients with cryptococcal meningitis
(n = 71) or no meningitis (n = 27) (Table 1). DLL1 concentrations were also compared between patients with
TBM (n = 22) and those with any other diagnosis (e.g., Cryptococcus, aseptic meningitis or no meningitis; n = 114).
Non-TBM subjects had a significantly lower median DLL1 concentration of 412 pg/ml (IQR: 269–617 pg/ml)
as compared with those with TBM 870 pg/ml (IQR: 558–1233 pg/ml; p < 0.001).

DLL1 was also assessed for accuracy in diagnosis of TB meningitis. AUC as measured by receiver operator
characteristic curve was 0.789 (95% CI: 0.676–0.902) (Figure 1). Using a DLL1 cutoff of 600 pg/ml, we found a
sensitivity of 73% (16/22; 95% CI: 50–89%), specificity of 74% (84/114; 95% CI: 65–81%), positive predictive
value (PPV) of 35% (16/46; 95% CI: 26–44%) and negative predictive value (NPV) of 93% (84/90; 95% CI:
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Figure 1. Receiver operator characteristic curve. The ROC above shows an AUC of 0.789 (95% CI: 0.676–0.902) for
DLL1.
AUC: Area under the curve.

88–97%) for TBM diagnosis. Using a cutoff of 800 pg/ml, we found a specificity of 92% (105/114; 95% CI:
86–96%) and PPV of 55% (11/20; 95% CI: 37–72%). When presence of cryptococcal meningitis were excluded
by negative CRAG and a cutoff of 600 pg/ml was used to compare 21 TBM patients with 43 patients aseptic or no
meningitis, DLL1 gave a 71% (95% CI: 48–89%) sensitivity, 67% (95% CI: 51–81%) specificity, 52% (95% CI:
39–64%) PPV and 83% (95% CI: 70–91%) NPV. Using a higher cut-off value of 800 pg/ml in this comparison
yielded a sensitivity of 48% (95% CI: 26–70%), specificity of 88% (95% CI: 75–96%), PPV of 67% (95% CI:
44–84%) and NPV of 78% (95% CI: 69–84%). Thus, though DLL1 levels were higher with TB meningitis, no
cutoff could be identified for use as a suitable biomarker.

VDBP CSF concentrations
VDBP was also assessed among subject groups. Participants with TBM (n = 22) or aseptic meningitis (n = 16)
had a significantly higher median VDBP CSF level than did patients with Cryptococcus (n = 71) or no meningitis
(n = 22) (Table 1). Subjects with TBM (n = 22) had significantly higher mean VDBP concentration of 4.72 μg/ml
(IRQ 2.97–8.96 μg/ml as compared with those without TBM [n = 108 as defined above]) of 1.31 μg/ml (IQR:
0.55–2.86 μg/ml; p < 0.001).

VDBP was then assessed as a diagnostic biomarker. AUC as measured by receiver operator characteristic curve
was 0.794 (95% CI: 0.701–0.887). Using a cutoff of 1.0 μg/ml we found a sensitivity of 91% (20/22; 95% CI:
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71–99%), specificity of 38% (41/107; 95% CI: 29–48%), PPV of 23% (20/86; 95% CI: 20–27%) and NPV of
95% (41/43; 84–99%). With a cut-off value of 2.0 μg/ml, the sensitivity of VDBP was 81% (18/22; 95% CI:
60–95%), specificity 68% (73/108; 95% CI: 58–76%), PPV 34% (18/53; 95% CI: 27–42%) and NPV 95%
(73/77; 95% CI: 88–98%). When cryptococcal meningitis subjects were excluded and a cutoff of 1.0 μg/ml used
to compare 21 TBM subjects with 37 subjects with aseptic meningitis or no meningitis, VDBP yielded a sensitivity
of 90% (95% CI: 70–99%), specificity of 46% (95% CI: 29–63%), PPV of 49% (95% CI: 41–57%), and NPV of
89% (95% CI: 68–97%). When a cut-off value of 2.0 μg/ml was used, sensitivity was 81% (95% CI: 58–95%),
specificity 65% (95% CI: 47–80%), PPV 57% (95% CI: 45–68) and NPV 86% (95% CI: 71–94%). As with
DLL1, though VDBP levels were more elevated in subjects with TBM than those without TBM, no cutoff had
sufficient accuracy for use as a lone biomarker.

Fetuin CSF concentrations
Finally, fetuin was assessed for use as a marker of TBM. The patients with TBM (n = 22) or aseptic meningitis
(n = 16) had a significantly higher median fetuin concentration than did patients with Cryptococcus (n = 71) or no
meningitis (n = 22), Table 1. Subjects with TBM (n = 22) had a significantly higher median fetuin concentration
of 3.30 μg/ml (IQR: 32.19–4.55 μg/ml) as compared with non-TBM participants (n = 108) whose median
concentration was 1.44 μg/ml (IQR: 0.57–2.38 μg/ml; p < 0.001). AUC as measured by receiver operator
characteristic curve was 0.824 (95% CI: 0.739–0.909).

Using a cutoff of 1 μg/ml for CSF fetuin, we found a sensitivity of 95% (21/22; 95% CI: 77–100%), specificity
of 38% (41/108; 95% CI: 29–48%), PPV of 24% (21/88; 95% CI: 21–27%) and NPV of 98% (41/42; 95%
CI: 86–100%). Using a cutoff of 2 μg/ml, we found a sensitivity of 86% (19/22; 95% CI: 65–97%), specificity
of 68% (73/108; 95% CI: 58–76%), PPV of 35% (19/54; 95% CI: 28–43%) and NPV of 96% (73/76; 95%
CI: 89–99%). When cryptococcal patients were excluded and a cutoff of 1 μg/ml was used to compare 21 TBM
patients with 37 patients with aseptic meningitis or no meningitis fetuin gave a sensitivity of 95% (95% CI:
76–100%), specificity of 57% (95% CI: 40–73%), PPV of 56% (95% CI: 46–65%) and NPV of 95% (95% CI:
75–99%). Using a cut-off value of 2 μg/ml in this comparison yielded a sensitivity of 86% (95% CI: 64–97%,
specificity of 63% (95% CI: 56–86%), PPV of 53% (95% CI: 51–76%) and NPV of 90% (95% CI: 76–96%).
As with fetuin and DLL1, though fetuin levels were more elevated in TBM as compared with those without TBM,
the marker was not a suitable lone diagnostic marker for TBM.

Correlation
Spearman correlation showed moderate correlation between DLL1 and both VDBP (Rho = 0.521) and fetuin
(Rho = 0.593). VDBP was strongly correlated with fetuin (Rho = 0.754). In assessing correlation with CSF
cytokines/chemokines, nearly all cytokines and chemokines positively correlated with DLL1, VDBP and fetuin
(Table 2), except for IL-5 and MCP-1 (CCL2).

Multivariable analysis
We performed logistic regression to assess the performance of combinations of CSF biomarkers (n = 127). Using
logistic regression, DLL1 alone, with a cut-off value of approximately 1150 pg/ml, provided 32% (95% CI: 14–
55%) sensitivity, 98% (95% CI: 93–100%) specificity, 78% (95% CI: 44–94%) PPV and 87% (95% CI: 84–90%)
NPV. When analyzing the combined accuracy of both the DLL1 and fetuin assays for diagnosis of TB meningitis,
sensitivity improved slightly to 36% (95% CI: 17–59%). Further incorporating negative cryptococcal antigen
testing improved sensitivity to 63% (95% CI: 41–83%) though with decreased specificity (90%, 95% CI: 83–
95%). Adding IFN-γ measurement improved sensitivity to 76% (95% CI: 53–92%) with 92% (95% CI: 85–97%)
specificity, 67% (95% CI: 50–80%) PPV and 95% (95% CI: 90–98%) NPV. DLL1 combined with cryptococcal
antigen testing and IFN-γ provided 71% (95% CI: 48–89%) sensitivity, 93% (95% CI: 86–97%) specificity, 68%
(95% CI: 50–82%) PPV and 94% (95% CI: 89–97%) NPV. Further adding IL-1β slightly improved specificity
to 95% (95% CI: 88–98%) and PPV to 75% (95% CI: 55–88%). Other cytokines/chemokines were analyzed
separately but were not predictive of TBM.

For every twofold increase in DLL1, the odds of TBM increased (odds ratio [OR]: 2.9; 95% CI: 1.3–6.5;
p = .013). A similar but not-statistically significant relationship was noted with fetuin (OR: 1.8; 95% CI: .99–3.4;
p = .054). Incorporating VDBP, CSF white cell count, or CSF protein into a predictive model did not improve
diagnostic performance.
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Table 2. Correlation of 17 cerebrospinal fluid cytokines/chemokines with DLL1, vitamin D binding protein and fetuin.
Biomarker n DLL1 VDBP Fetuin

DLL1 136 – 0.521 (�0.001) 0.593 (�0.001)

VDBP 130 0.521 (�0.001) – 0.754 (�0.001)

Fetuin 130 0.593 (�0.001) 0.754 (�0.001) –

IL-� 112 0.579 (�0.001) 0.494 (�0.001) 0.602 (�0.001)

IL-2 123 0.356 (�0.001) 0.344 (0.001) 0.400 (�0.001)

IL-4 123 0.384 (�0.001) 0.342 (0.005) 0.470 (�0.001)

IL-5 112 0.173 (0.068) 0.100 (0.296) 0.261 (0.005)

IL-6 123 0.568 (�0.001) 0.579 (�0.001) 0.578 (�0.001)

IL-7 112 0.332 (�0.001) 0.289 (0.002) 0.330 (�0.001)

IL-8 123 0.578 (�0.001) 0.500 (�0.001) 0.517 (�0.001)

IL-10 123 0.415 (�0.001) 0.397 (�0.001) 0.465 (�0.001)

IL-12 112 0.408 (0.001) 0.217 (0.021) 0.361 (�0.001)

IL-13 112 0.493 (�0.001) 0.542 (�.001) 0.623 (�0.001)

IL-17 112 0.375 (�0.001) 0.258 (0.006) 0.386 (�0.001)

G-CSF 112 0.467 (�0.001) 0.391 (�0.001) 0.507 (�0.001)

GM-CSF 123 0.182 (0.044) 0.347 (�0.001) 0.225 (0.012)

MIP-1� 130 0.407 (�0.001) 0.230 (0.015) 0.404 (�0.001)

MCP-1 112 0.101 (0.291) -0.116 (0.224) -0.114 (0.230)

IFN-� 123 0.455 (�0.001) 0.450 (�0.001) 0.579 (�0.001)

TNF-� 123 0.426 (�0.001) 0.287 (0.004) 0.389 (�0.001)

Correlation by nonparametric Spearman correlation, Rho (� ). Values are Rho (p-value).

Among 117 persons with known outcome, in-hospital mortality was positively associated with DLL1 CSF levels
(OR: 2.0 per twofold increase, 95% CI: 1.2–3.4; p = .008) and inversely associated with fetuin (OR: 0.67; 95% CI:
0.47–0.96; p = 0.030).

Discussion
We have shown that concentrations of DLL1, VDBP and fetuin measured on CSF in an HIV-infected Ugandan
population are significantly higher in patients with microbiologically proven TBM or aseptic meningitis than in
the patients with cryptococcal meningitis or no meningitis. DLL1, VDBP and fetuin concentrations were also
higher in subjects with TBM compared with all patients without TBM in the same population. DLL1 alone
was statistically associated with TBM diagnosis, but there was no single threshold that provided good diagnostic
performance, as higher levels provided a very specific biomarker with poor sensitivity and lower thresholds of DLL
increased sensitivity but lost specificity. Combining DLL1 and fetuin, or subsequently adding cryptococcal antigen
testing did not adequately improve sensitivity to allow for routine use. DLL1, fetuin and VDBP have a statistical
association with TBM but lack clinical utility.

Perhaps most encouraging was the use of only cryptococcal status, along with DLL1 and IFN-γ – this array of
diagnostics provided nearly equivalent sensitivity compared with when fetuin was included as well, but increased
specificity, PPV with stable NPV. Similarly, the advantage of adding IL-1β was that there was slight improvement
in PPV and specificity; however, in either case, using one less test would save cost and time. Adding CSF VDBP to
the model did not improve diagnostic performance. Using particular lower cut-off values rather than higher cutoff
used in logistic regression improved performance of all three tests in terms of sensitivity and NPV but with large
sacrifices in PPV and specificity.

Though these novel biomarkers were not adequate to rely on by themselves, they may hold promise when used
with other markers as part of a diagnostic algorithm. When subjects with cryptococcal meningitis were excluded
from the analysis, sensitivity improved though specificity decreased slightly. That said, when IFN-γ was added,
the sensitivity improved further and some specificity was recovered. Given the impressive accuracy, speed and low
cost of the cryptococcal antigen lateral flow assay [31] exclusion of Cryptococcus should always be considered prior
to TBM testing [33]. Our analysis would suggest that doing so would improve the likelihood of a positive result
being correct, while worsening the specificity; giving this test less utility as a ‘rule-out’ test, but allowing for more
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Table 3. Selected subjects with high DLL1 values and without microbiologic evidence of tuberculosis meningitis or
Cryptococcus.
Clinical meningitis
diagnosis

DLL1 pg/ml VDBP μg/ml Fetuin μg/ml CSF WBC cells/μl CSF protein mg/dl IFN-� pg/ml Alive at hospital
discharge

Unknown, EBV+ 744 3.5 3.5 50 229 9.0 No

Cryptococcus,
pulmonary TB

710 7.3 4.2 60 150 60 Yes

S. pneumoniae 782 18.7 3.1 800 276 – Yes

Unknown 1009 17.3 3.2 �5 173 – Left AMA

Unknown 1364 9.6 2.0 2580 120 – No

Viral 655 3.0 3.5 45 279 310 Unknown

Unknown 649 3.4 2.7 100 443 1.1 Left AMA

Putative TBM 622 5.8 4.9 352 283 8.5 No

Putative TBM 886 9.1 5.4 310 250 10.4 Yes

Unknown, EBV+ 1404 14.1 17.8 75 20 1.3 Unknown

Unknown 687 0.36 1.1 25 40 140 No

Participants selected for this analysis when DLL1 was �600 pg/ml without confirmed TBM. Clinical diagnosis was made by the treating physicians with information available at the time.
AMA: Against medical advice; CSF: Cerebrospinal fluid; EVB: Epstein–Barr virus; TB: Mycobacterium tuberculosis; TBM: Tuberculosis meningitis; WBC: White blood cell.

confidence in its use to detect TBM. Adding IFN-γ, measurement allows for even more sensitivity and improved
overall accuracy but adds further cost.

Importantly, we used culture or Xpert as our TBM gold standard. Culture has approximately 60% sensitivity,
while GeneXpert MTB/Rif has been shown to have approximately 40–70% sensitivity [10,34,35] when testing CSF
specimens to detect TBM. The gold standard tests (e.g., culture or nucleic acid amplification tests) one might
compare a new diagnostic test to clearly do not have adequate sensitivity. Clinical criteria have been developed and
tested to attempt to remedy this issue, but they generally include as probable cases of TBM, cases which cannot be
microbiologically confirmed. Thus, whether a study uses microbiology testing or clinical criteria; the new diagnostic
test is compared with an imperfect standard. Though not available at the time of this study, Xpert MTB/Rif Ultra
has shown higher sensitivity in one study (70% vs clinical criteria and 95% vs microbiologic composite standard) [9].

In our study, we used microbiological confirmation with a very specific test as our gold standard so that we could
be certain that all tests we designated as TBM were in fact TBM. Yet, it is likely that among the aseptic meningitis
group in our study, some patients may have actually had TBM. Given our relatively small sample size, a small
number of patients with high DLL1 values (who tested negative by Xpert but who had TBM) would be enough to
draw the group’s mean DLL1 concentration closer to that of the TBM group. Table 3 describes such patients that
we suspect may have had TBM though we were not able to confirm this microbiologically. The same issue should
be considered with VDBP and fetuin.

Interestingly, one study of patients with pulmonary M. tuberculosis infection found lower levels of VDBP in the
patients of African ancestry as opposed to those of Eurasian ancestry [36]. Thus, it may be possible that VDBP may
be more sensitive in the Eurasian population as opposed to our African population, although it should be noted
that this analysis measured serum VDBP as opposed to CSF. Similarly, our population was HIV-infected Ugandan
subjects, possibly contributing to difference in DLL-1 performance compared against largely HIV noninfected
Asian patients [18–21]. Fundamentally, this speaks to the need to validate putative biomarkers in diverse genetic
populations with and without HIV infection.

Limitations of this study include its retrospective design, relatively small numbers of subjects with TBM and the
limited sensitivity of our gold standard with potential for misclassification bias. Though, it should be noted that the
main limitation of these potential biomarkers was lack of sensitivity, not lack of specificity as would be influenced
by misclassification bias. Additionally, all three tests would require further study including external validation,
and the current study cannot state whether or not DLL1, VDBP and fetuin levels (alone or in combination)
predictably decrease with antimycobacterial therapy. Finally, most patients were HIV-infected, and so the study is
not generalizable to HIV-uninfected populations.

In summary, CSF DLL1, VDBP and fetuin appear to have statistical association with tuberculosis meningitis
individually, but lack clinical utility. AUC for DLL1 was 0.789, 0.794 for VDBP, and 0.824 for fetuin. When
logistic regression was used, we found 71% sensitivity, 93% specificity, 68% PPV and 94% NPV by using a
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combination of DLL1, IFN-γ and cryptococcal antigen testing. Furthermore, the unique mechanism by which
DLL1, VDBP and fetuin might serve as a method for diagnosing TBM may allow for the possibility of an additive
effect with current or future diagnostic tests.

Summary points

• TB meningitis is difficult to diagnose due, in large part, to the presence of relatively few TB bacilli in the
cerebrospinal fluid (CSF).

• Novel biomarkers DLL1,VDBP, and fetuin were evaluated in CSF for TB meningitis.

• Stored CSF samples were analyzed from 139 HIV-infected Ugandans suspected to have meningitis.

• Diagnoses included TB meningitis (n = 22), cryptococcal meningitis (n = 71), aseptic meningitis (n = 16) and no
meningitis (n = 30).

• DLL1 at a cut-off value of 1150 pg/ml provided 32% sensitivity and 98% specificity.

• DLL1, fetuin, negative cryptococcal antigen and IFN-γ in combination provided 76% sensitivity and 92%
specificity.

• VDBP (cut-off value 2.0 μg/ml) provided 81% sensitivity and 68% specificity.

• Fetuin (cut-off value 2 μg/ml) provided a sensitivity of 86% and specificity of 68%.

• No single novel marker or combination provided adequate diagnostic accuracy to warrant large scale study for
diagnosis of TB meningitis.
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