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Tuberculostearic acid incorporated
predictive model contributes to the clinical
diagnosis of tuberculous meningitis

Tsz Hei Fong,'>” Wangpan Shi,”¢” Guohui Ruan,>” Siyi Li,”” Guanghui Liu," Leyun Yang,* Kaibin Wu,?
Jingxian Fan,! Chung Lam Ng,? Yafang Hu,! and Haishan Jiang'-8*

SUMMARY

The conventional confirmation tests of tuberculous meningitis (TBM) are usually low in sensitivity, leading
to high TBM mortality. Hence, sensitive methods for indicating the presence of bacilli are required. Tuber-
culostearic acid (TBSA), a constituent from Mycobacterium tuberculosis had been evaluated as a prom-
ising marker, but fails to demonstrate consistent results for definite TBM. This study retrospectively re-
viewed medical records of 113 TBM suspects, constructing a TBSA-combined scoring system based on
multiple factors, which show sensitivity and specificity of 0.8148 and 0.8814, respectively, and the area
under the receiver operating characteristic curve of 0.9010. Multivariate analyses revealed four co-predic-
tive factors strongly associated with TBSA: extra-neural tuberculosis, basal meningeal enhancement, CSF
glucose/Serum glucose <0.595, and coinfection in CNS (Total). The subsequent machine learning-based
validation showed correspondent importance to factors in the TBSA model. This study demonstrates a
simple scoring system to facilitate TBM prediction, yield reliable diagnoses and allow timely treatment
initiation.

INTRODUCTION

Tuberculous meningitis (TBM) is one of the most life-threatening central nervous system (CNS) infectious diseases caused by extrapulmonary
Mycobacterium tuberculosis (Mtb) infection.” In spite of the fact that TBM accounts for about 1-1.8%.” of tuberculosis (TB) in HIV-negative
people, its mortality rate reaches 30-40%."> Clinicians frequently fail to order anti-tubercular (anti-TB) treatment because of unspecific symp-
toms and difficulties in identifying the Mtb at an early stage.”* In addition, the gold-standard tests (acid-fast bacilli microscopy, Mtb cultures,
and nucleic acid amplification tests (NAATS)) used to detect Mtb hold limitations in confirming this fatal disease in a timely manner.””” In the
absence of early clinical intervention, patients often end up in a coma, severely disabled, or even die. Nevertheless, TBM can be treated suc-
cessfully with prompt diagnosis and treatment, resulting in a 95% recovery rate.’

Hence, a scoring system that could indicate the probability of TBM was proposed by an international TBM workshop in 2010,'” herein
referred as the Lancet scoring system, aiming at facilitating clinical research for better patient care by categorizing patients as Definite, Prob-
able, Possible, and Not TBM. However, in a recent study, Sulaiman et al.'’ revealed unsatisfactory performance of the Lancet system in dis-
tinguishing true TBM and non-TBM patients. It was found that concurrently using another scoring system, such as Thwaites’ scoring system,
with the Lancet could greatly enhance differential diagnostic efficiency,'” but an effective rule-in system remains developed.

In the past, while some indirect molecular indices such as Mtb-specific antibodies, and interferon-gamma release assays (IGRAs) level in
cerebrospinal fluid (CSF)'"*'* have been reported to be valuable for TBM diagnosis, yet a near-direct biomarker, tuberculostearic acid (TBSA),
was overlooked in the past two decades,'” which showed 83.3%-100% sensitivity and 98.9%-100% specificity, and could be rapidly detected
by gas-chromatography/mass spectrometry (GC/MS) in 1-2 days from last century’s studies.'®”'” It was known that TBSA, a mycobacterial
origin lipid marker, is currently thought as a good candidate to indicate Mtb burden by lipidomics within a day in non-CNS infection,”
but unexpectedly, not in TBM.

We previously found that positive TBSA results shared a similar distribution of definite TBM patients classified by the Lancet scoring sys-
tem,'” suggesting a promising role of TBSA to improve TBM diagnosis. In the present study, we sought to integrate the benefits of TBSA with

'Department of Neurology, Nanfang Hospital, Southern Medical University, Guangzhou 510515, China

2The First Clinical Medical School, Southern Medical University, Guangzhou 510515, China

3School of Biomedical Engineering, Southern Medical University, Guangzhou 510515, China

4Department of Biostatistics, Bioinformatics, and Biomathematics, Georgetown University, Washington, DC 20057-1484, USA

SPresent address: School of Chemical Biology and Biotechnology, Peking University Shenzhen Graduate School, Shenzhen 518055, China
%Present address: Department of Pathology, University of California San Diego Health System, San Diego 92103, CA, USA

"These authors contributed equally

8Lead contact

*Correspondence: jianghs@smu.edu.cn

https://doi.org/10.1016/}.isci.2023.107858

st iScience 26, 107858, October 20, 2023 © 2023 The Authors. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:jianghs@smu.edu.cn
https://doi.org/10.1016/j.isci.2023.107858
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.107858&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience
OPEN ACCESS

369 patients have had records and reserves
for CSF samples in the lab of Neurology

l

369 cases satisfied the diagnostic signs or
symptoms of TBM

247 patients excluded
111 missing the source of records
67 missing basic information
23 missing diagnostic records
27 did not undergo TBSA examination
19 missing large amount of data

122 patients preliminarily

included
9 with ineffective
anti-TB treatment
A 4
54 patients clinically resolved by 59 patients clinically resolved by
anti-TB drugs non-anti-TB drugs

Figure 1. Study flowchart and grouping procedure of suspected TBM patients
CSF = cerebrospinal fluid, TBM = tuberculous meningitis, TBSA = tuberculostearic acid, TB = tubercular.

multiple diagnostic criteria to build up a diagnostic system, aiming to overcome the insufficient sensitivity of gold-standard tests. As we know
that, constructing a scoring system based on gold-standard tests limited its diagnostic accuracy in the actual clinical situation where TBM
confirmation tests showed low sensitivity to certain patients. In order to provide a better TBM rule-in strategy, an alternative for patients
grouping is based on their prescribed regimens and treatment outcomes in the real clinical setting. Here, a multivariate logistic model, which
was advantageous in constructing diagnostic scoring systems in various clinical settings,”'"*> would be applied to design a highly sensitive
TBM diagnostic model. Concurrently, the support vector machine (SVM), which has been implemented in diagnoses and prognosis predic-
tions in non-CNS tuberculous diseases,”* > was utilized as a maximum spacing classifier to accurately sort two independent cohorts based on
inputted features, and to further validate the classification model performance. Consequently, we developed a TBSA-combined scoring sys-
tem with high sensitivity to compensate for the experiences-based clinical judgements and sensitivity-limited gold-standard diagnostic bias in
early TBM, in order to provide a prompt therapeutic strategy.

RESULTS
Clinical characteristics of patients

In our study, clinical records of 369 patients (ages > 11) were preliminarily reviewed from the suspected TBM patients between January 1, 2009
and January 31, 2019. A total of 256 patients were excluded, including 247 with incomplete data and nine with poor response to TBM treat-
ment. In the end, 113 patients who had positive treatment outcomes were included in the analysis and they were divided into the “Clinical
resolution by anti-TBM treatment (CRA, n = 54)” group and the “Clinical resolution by non-TBM treatment (CRnA, n = 59)” (Figure 1). The
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median age of patients in the CRA and CRnA group was 39 (Interquartile range 32-51) and 43 (27-58) years, respectively. The parameters
utilized for evaluating patients’ manifestation are shown in Table 1 and laboratory findings are in Table S1.

The presence of Mycobacterium tuberculosis was confirmed by microbiological and nucleic acid tests in 23 (20.4%) patients’ cerebrospinal
fluid (hereafter, definite TBM patients), among which 19 (17.6%), 3 (5.2%), and 3 (3.8%) positive results were found in Ziehl-Neelsen staining
(patients received the test, n = 108), Mtb culture (n = 58), and NAAT (n = 79), respectively (Table S1). Tuberculostearic acid was detected in CSF
of 39 (34.5%, n = 113) patients by GC/MS, whereas six definite TBM patients were found negative in TBSA. It should be noted that, two pa-
tients showing positive responses to non-anti-TBM treatments but detected positive in CSF Mtb were grouped into CRnA due to the severely
lagging Mtb discovery after successful inpatient management. The resolution of symptoms may be attributed to their responses to
corticosteroids.

Tuberculostearic acid scoring system

The classification model was developed based on the existing collected data containing a total of 70 parameters (Tables 1 and S1), showing
that 33 CRA parameters were significantly different from the CRnA group (p < 0.1, Tables 1 and S1), which were therefore incorporated into
the logistic regression. Univariate logistic analyses revealed 27 significant variables (p < 0.1) for the subsequent multivariate analyses which
further found ten significant covariates (p < 0.05) associated with TBSA (p < 0.001, Table S2). The forward (conditional) multivariate logistic
regression of these ten variables, together with TBSA, stepwise identified five significant predictors contributing to the classification between
CRA and CRnA group, including TBSA (p = 0.005), extra-neural tuberculosis (p = 0.0069), basal meningeal enhancement (BME, p = 0.0009),
CSF glucose/Serum glucose <0.595 (p = 0.0012), and coinfection in CNS (Total) (p = 0.044), which is referred as the TBSA model (Figure 2). The
model included four risk factors (OR > 1.0) and one protective factor (OR < 1.0) regarding to the causation of TBM, and the score of each factor
was separately assigned with the corresponding odds ratio (Figure 2).

Support vector machine model for validation

In addition, to verify the capacity of the TBSA model, a feature-based SYM model was trained using the 70 parameters (Tables 1 and S1), then
visualized by PCA through the reduction of dimensionality to display effective TBM classification. The down-dimensioned model reflected
partial information from the original SVM model, nonetheless, patients were shown to be distinctly separated into two groups (Figures 3
and S1). Asshown in Figure 3, 84.6% of TBSA-positive patients (circled in the Figure) were sorted to the right side (i.e., therapeutically grouped
TBM), implicating the distribution of TBSA along to the resolution of anti-TBM treatment (Figure 3).

Our SVM model renders 0.8704 of recall (values converged on 2-dimension: 0.7407), 0.9153 of specificity (0.8644), 0.9038 of precision
(0.8333), 0.8852 of NPV (0.7846), and 0.8867 of F1 score (0.7843) for classification (Table S3), which was verified by 10-fold cross-validation
before an optimal model was formed. Each divided part of the features subset was tested and shown in terms of area under curve (AUC),
sensitivity, and specificity (Figure S2), in which eight (AUC >0.8000) out of ten testing sets of data verified efficient training with solid consis-
tency, indicating high robustness of the selected features for the classification model.

The features subset was generated by RFE-CV modeling with 52 features (Figure 4), representing the optimal number of features and the
best model for CRA and CRnA classification. The sign of weight indicates the correlation between features and the presence of TBM (+: pos-
itive correlation, -: negative correlation). Our results revealed that those co-influencing factors established in the TBSA model above also
contributed with greater weights in the validated SYM model (Figure 4), showing consistency between models and implicating the validity
of the TBSA model.

Comparing diagnostic methodologies

We next examine the performances of the models established in this study and that of those previously published models. The predictive
scores of 113 patients summated through the TBSA model were plotted as the ROC curve with an AUC 0.9010 (Figure 5). The TBSA model
with a cut-off value 5.5 demonstrates a high sensitivity (0.8148, 95% Cl: 0.6916-0.8962) and specificity (0.8814, 0.7748-0.9413), indicating that
patients scoring at é or above present TBM (Figure 5). Moreover, the classification capabilities of the SVM model, Lancet scoring system, and
Thwaites' scoring system were also evaluated through sensitivity, specificity, and AUC (Figure 5; and Table S3). Among all four models, the
SVM model exhibits the best sensitivity (0.8704, 95% Cl: 0.7558-0.9358), specificity (0.9153, 0.8165-0.9633), and AUC (0.9369, 0.8897-0.9842),
while the Lancet and Thwaites’ scoring system performed unsatisfactorily in classifying CRA group when compared to both SVM and TBSA
model. The Lancet scoring system showed good specificity (0.8475, 95% Cl: 0.7348-0.9176), which equates to using TBSA only, but low in
sensitivity (0.6667, 0.5336-0.7776), as when solely using TBSA (0.5556, 0.4238-0.6800) for diagnosis (Table S3). The Thwaites' scoring system
failed to differentiate CRA patients from CRnA in this study (p = 0.3285) due to multi-type coinfected patients included in both groups. Thus,
the TBSA model exhibited comparable performance to the SVM model with remarkably fewer parameters.

Tuberculostearic acid model demonstrating sensitive tuberculous meningitis diagnosis

We further compared the distribution of patients who were categorized into the group requiring anti-TB treatments under four different
grouping approaches: i) clinical outcome with the resolution of TBM symptoms (CRA), ii) positive results from gold-standard Mtb direct ex-
aminations (Definite TBM), iii) the “Probable” and “Possible” groups of patients under Lancet scoring system (Lancet scoring), and iv) patients
with scores higher than the optimum cut-off value evaluated by the TBSA model.
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Table 1. Clinical characteristics of patients clinically resolved by anti-TBM or non-anti-TBM treatments

Clinical resolution by anti-TBM

Clinical resolution by non-anti-TBM

Parameter treatment (n = 54) treatment (n = 59) p Value
Age, median (IQR), y 39 (32-51) 43 (27-58) 0.9894
Age <18 1(2) 5(8) 0.1484
Female/Male (% of male) 13/41 (76) 22/37 (63) 0.1292
Smoke 16 (30) 14 (24) 0.4780
Clinical manifestation

Duration of illness, median (95% Cl), d 14 (0-29) 10 (0-24) 0.0386
Symptom duration of more than 5 days® 52 (96) 49 (83) 0.0224
Systemic symptoms suggestive of tuberculosis® 19 (35) 6 (10) 0.0014
History of recent” 4(7) 0(0) 0.0182
Focal neurological deficit (excluding 5(9) 6 (10) 0.8705
cranial nerve palsies)”

Cranial nerve palsy” 5(9) 7(12) 0.6534
Altered consciousness® 16 (30) 22 (37) 0.3894
Extra-neural tuberculosis 19 (35) 1(2) <0.0001
Coinfection in CNS (Total) 9(17) 18 (31) 0.0848
Bacteria coinfection (CNS) 2(4) 1(2) 0.5070
Virus coinfection (CNS) 6(11) 14 (24) 0.0792
Fungi coinfection (CNS) 2(4) 3(5 0.7214
Coinfection outside CNS (Total) 10 (19) 21 (36) 0.0422
Bacteria coinfection (non-CNS) 5(9) 13 (22) 0.0638
Virus coinfection (non-CNS) 4(7) 4(7) 0.8966
Fungi coinfection (non-CNS) 1(2) 1(2) 0.9496
Mycoplasma coinfection (non-CNS) 0 (0) 5(8) 0.0287
Imaging results

Hydrocephalus® 13 (24) 9 (15) 0.1219
Basal meningeal enhancement” 30 (56) 13 (22) 0.0002
Tuberculoma® 4(7) 0(0) 0.0333
Infarct® 15 (28) 12 (20) 0.3543
Pre-contrast basal hyperclensitya'b 0 (0) 0(0) NA

TB elsewhere

Chest radiograph suggestive of active 8 (15) 0(0) 0.0022
tuberculosis®

CT/MRl/ultrasound evidence for tuberculosis 13 (24) 1(2) 0.0003
outside the CNS*

Positive Ziehl-Neelsen staining or CSF Mtb 0 (0) 0(0) NA
culture for extra-neural specimen®”

Positive NAAT for extra-neural tuberculosis™” 0(0) 0(0) NA
Lancet categories without TBM confirmation®

Probable TBM 25 (46) 1(2) NA
Possible TBM 27 (50) 45 (76) NA
Non TBM 2 (4) 13 (22) NA
Treatments®

Anti-tubercular treatment 54 (100) 0 (0) <0.0001
Corticosteroids 15 (28) 22 (37) 0.2844
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Table 1. Continued

Clinical resolution by anti-TBM Clinical resolution by non-anti-TBM
Parameter treatment (n = 54) treatment (n = 59) p Value
Other supportive/bacterial/viral/fungal treatment 15 (28) 59 (100) <0.0001
Intrathecal injection 1(2) 0(0) 0.2938

Values are median (IQR) or N (%).

IQR = interquartile range, Cl = confidence intervals, NA = not applicable.

°Clinical parameters suggested by the Lancet scoring system.

bParameters excluded due to no collected data.

“Treatments and Lancet categories not involved as the parameters in the prediction model.

As shown in Figure 6, CRA group showed the actual number of patients who undertook anti-TB medication, in which only 16 patients were
simultaneously thought to need anti-TB treatments by the rest of the grouping methods. The Definite TBM group could determine the true
TBM patients, but two (8.7%) of them were ruled out from receiving anti-TB therapies due to lagged-detected Mtb evidence and also not
detected as TBSA positive along with lower scores (<6) in the TBSA model. The Lancet scoring identified 46 (46.9%) patients as TBM suspects
needing anti-TB treatment apart from 52 (53.1%) CRA patients, showing a severely high false-positive rate. Fourty-four patients (86.3% of the
TBSA model) identified based on the TBSA model overlapped with patients in CRA, including 42 overlapped with patients from the Lancet
scoring. Additionally, the TBSA model demonstrates comparable results with the SVM model (positive prediction n = 52) which identified 47
(90.4%) patients overlapping with the CRA group.

Overall, through step-by-step feature selection and validation by the SVM model, we proposed a scoring system incorporating four clinical
parameters along with positive-TBSA results, which demonstrated high sensitivity and accuracy to predict TBM, and therefore could aid the
early diagnosis of TBM by overcoming the insufficient timeliness and effectiveness of direct Mtb examinations and reducing its strong depen-
dence on clinicians’ experience.

DISCUSSION

Tuberculous meningitis is a severe CNS infectious disease with particular diagnostic challenges due to the insensitivity of mycobacterial
detection in CSF.”*® Uncertain or delayed diagnosis protracts the initiation of anti-TB therapy, which results in detrimental consequences
and high mortality of TBM."*” Therefore, TBM treatment should be initiated even without microbiological proof,”*® but it is necessary to iden-
tify those patients who will positively respond to anti-TB drugs in a timely manner before treatment commences. We developed a sensitive
evaluation system to retrospectively define uncertain TBM cases with good responses to anti-TB treatment using sensitive near-direct mo-
lecular evidence, TBSA. Moreover, this scoring system could be used to speculate TBM patient cohorts by inferring Mtb existence for further
clinical therapies.

In the mycobacterial plasma membrane (PM), palmitic (16:0), oleic (18:1), and tuberculostearic (19:0) acid constitute the major fatty acid
components, in which TBSA is capable to regulate lateral membrane partitioning of intracellular membrane domain®’ and highly related
to Mtb existence in host.”’ In this study, we considered the advantages of TBSA for sensitive (83.3%-100%) and specific (98.9%—100%)
TBM diagnosis,' ™7 and avoided solely usage of TBSA results that may cause false-positive diagnosis.>’ Hence, co-diagnostic factors
were further screened from multiple parameters. Despite several diagnostic factors were also proved to indicate TBM, such as adenosine

3 serum sodium,” and cerebral infarction,>® and so forth, these methods could not directly

deaminase,* procalci‘[onin,33 Pandy's test,
confirm Mtb existence in CSF and all of them were excluded in TBSA model by showing no strong correlation with TBSA. Therefore,
TBSA and its strong related factors included together could greatly suggest the presence of Mtb in CSF.

The co-diagnostic factors we found in the TBSA model were all known as common clinical references for TBM evaluation, in which BME, extra-
neural tuberculosis, and CSF to serum glucose ratio are applied in the Lancet scoring system.'® The cut-off value of CSF glucose/Serum glucose
was redefined as less than 0.595 rather than 0.5 suggested in the Lancet scoring system, which represents the feature of patients with good anti-
TBM treatment outcomes. Moreover, other coinfections in CNS were usually considered to eliminate TBM suspicion, but TBSA is suggested to be
concerned in all suspected meningitis cases even if strong co-infected evidence was provided, especially in endemic areas where TB co-infection
with other pathogens is observed. Consequently, TBSA model incorporated benefits from diverse approaches for TBM diagnosis.

Currently, emerging direct strategies for Mtb confirmation seemingly showed huge potential for future TBM diagnosis. NAAT and
GeneXpert MTB/RIT Ultra demonstrate high sensitivity and specificity for TBM confirmation,® but several Chinese studies reported sensitivity
of Xpert MTB/RIT Ultra or Xpert Ultra was not higher than 47% in diagnosing TBM,*”*” which is different from the previous sensitive results.*’
Metagenomic next-generation sequencing (MNGS) and lipoarabinomannan (LAM) showed excellent specificity, but they hold the limitations
of expensiveness and relatively low sensitivity (22-33%), respectively.”*' Nevertheless, the construction strategy of TBSA model provides an
integrated option to compensate for single diagnostic defects.

Taking advantage of the powerful Lancet scoring system that is helpful in diagnosing TBM patients with high sensitivity,'> most of the pa-
tients could be classified into a wide-range category, but the results of grouping, which extensively requires labor and expertise investigation,
cannot impact the expert clinical judgment and subsequent treatment for suspects.’” Surprisingly, 57% of Definite patients (n = 21) in CRA
group were classified as Possible (n = 11) or Not (n = 1) TBM, which means clinicians might not be able to make appropriate treatment
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Odd Ratio

Predictors OR (95% Cl) p-value Scoring

Tuberculostearic acid —— 5.485 (1.672-17.995) 0.005 2

Extra—neural tuberculosis ———— 22,914 (2.363-222.235) 0.0069 4

Basal meningeal enhancement — 6.513 (2.148-19.753)  0.0009 3
CSF glucose/Serum glucose < 0.595 —— 6.359 (2.073-19.505)  0.0012 3
Coinfection in CNS (Total) — 0.276 (0.079-0.966) 0.044 -2

Figure 2. Multivariate logistic regression analysis of finally included variables for TBSA model
Odd ratio plot for factors associated with TBM shows tuberculostearic acid, extra-neural tuberculosis, basal meningeal enhancement, and CSF glucose/serum

glucose <0.595 as the risk factors, as well as coinfection in CNS (Total) as the protective factor for TBSA model. The scores were assigned according to the OR

value. OR = odds ratio, Cl = confidence intervals, CSF = cerebrospinal fluid, CNS = central nervous system.

decisions for these patients if they were found negative in gold-standard results. However, positive TBSA demonstrated a similar distributive
pattern of Definite TBM patients in the Lancet scoring system, which may indicate the highly suspected patients in the Possible or Not
group.15 TBSA model could find out 72% of Possible or Not TBM patients in CRA, in contrast to 59% using TBSA alone. Furthermore, the
TBSA model was able to identify most (92.3%) of the Probable patients, showing this simpler and more practicable model with an improved
capacity for TBM diagnosis. Owing to the TBSA model demonstrating a good rule-in sensitivity, it could be considered to apply together or
after a differential diagnosis, for example the Thwaites' scoring system to discriminate TBM and bacterial meningitis.**

In order to verify the straightforward TBSA model, a more comprehensive and complicated SVM model was trained for TBM prediction,
which showed higher precision and accuracy. The feature selection of SVM model was not based on the correlation with TBSA and showed its
ranking of weights associated with the presence of TBM, in which co-diagnostic factors in the TBSA model all contribute great importance.
When a risk factor was found as a parameter’s value smaller than a cut-off value in logistic analyses, it would be shown as a negatively corre-
lated feature in SVM model, such as CSF glucose, CSF glucose/Serum glucose, Serum Sodium, and so forth. As a result, the SVM model
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Figure 3. Principal components analysis for the 2-D demonstration of SVM classification model
The principal components analysis exhibits the down-dimensioned SVM classification in 2-D for clear visualization. The 2-D plane shows an obvious difference

between CRA and CRnA, reflecting 24.3% information of high dimension SVM classification model; circled dots indicate the patients with positive result of TBSA
detection. 2-D = 2-dimension, CRA = Clinical resolution by anti-TBM treatment, CRnA = Clinical resolution by non-anti-TBM treatment, SVM = support vector

machine, PC = principal component, TBM = tuberculous meningitis, TBSA = tuberculostearic acid.
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Platelet

CSF clarity

Blood monocyte
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Figure 4. Significant features incorporated for SVM modeling with respective weighting

RFE-CV extracted 52 features demonstrated with weighting which contributes to the grouping of patients. The absolute value of the weight indicates the
importance where the signs indicate the correlation to the presence of TBM (+: positive correlation, -: negative correlation). Five features incorporated in the
TBSA model are displayed using the blue frame and share high weighting in the SYM model. TBSA = tuberculostearic acid, BME = basal meningeal
enhancement, CSF = cerebrospinal fluid, CNS = central nervous system, WBC = white blood cell, RFE-CV = recursive feature elimination-cross validation.

validates features consistency between models but 52 features are required to achieve its optimum performance, justifying the TBSA model
as a good fit for easy and rapid clinical application.

The grouping strategies in this study for models’ construction are critical to imitate the realistic situation for TBM diagnosis. In the goal of
defining TBM, concurrently considering the misdiagnosed patients excluded by insensitive gold-standard tests, we only preliminarily
included patients with good treatment outcomes in order to establish distinctive groups with definite responses to anti-TBM or non-anti-
TBM treatments. Due to the unaffordable cost to patients, none of the nine excluded patients with ineffective responses underwent multi-
drug-resistant detection, so the drug resistance parameter was not considered in this study. Besides, in the view of the biosynthesis rate
of TBSA from oleic acid by an enzyme Cfa that supports further research in revealing specific indications of different periods of Mtb infection,
dormancy, and reactivation,”” the grouping in this study implicates several potential considerations for further Mtb metabolic studies, espe-
cially the parameters highly correlated with TBSA levels, such as CSF chloride and CSF to serum chloride balance (Table S2).

In an effort to facilitate prompt diagnosis and early treatment for suspected TBM patients, a developed TBSA-combined scoring system
with four co-predictors can infer the presence of Mtb, which was validated by an SVM model and accurately indicates the latent TBM patients
from a suspected cohort when compared to contemporary commonly used scoring systems.

Limitations of the study

This study has several limitations. First, since the number of TBM patients available in non-specialist TB hospitals is limited, it was not prac-
ticable for independent cohort verification, thus 10-fold CV was used to verify the reliability of a predictive model, providing only algo-
rithmic evidence for clinical reference. Second, due to the broad limitations of nowadays TBM confirmation tests,” we classified patients
based on their regimen and outcome of treatments to reflect the real clinical situation, but this grouping strategy relied on professional
clinical judgements and may exist a minor extent of bias compared to using gold-standard for patients grouping. In order to generate
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Figure 5. Receiver operating characteristic curve for different TBM diagnostic models
The ROC curves exhibit the diagnostic performance of the SVM model, TBSA model, Lancet and Thwaites' scoring system; the cut-off point shows the optimal
threshold score (5.5) of TBSA model for classification.

more indisputable results, more confirmation tests will be applied in future studies. Third, the detection procedures for TBSA in CSF
require up-to-date advanced protocols™” to provide more sensitive results. Last, our model cannot predict patients with drug resistance
or HIV/AIDS. Our scoring system is applicable to patients with uncertain TBM diagnoses, particularly in China, and should be prospectively
studied in real-world validation with more diverse clinical settings which include patients with drug resistance or HIV co-infection, as well as
other populations.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
O Study design, patients, and ethical approval
O Inclusion and exclusion criteria
O Therapeutic information
o METHOD DETAILS
O Grouping strategies
O Application of Clinical Scoring System
o QUANTIFICATION AND STATISTICAL ANALYSIS
O Construction of a scoring system with TBSA
O SVM classification model for validation
O Statistical analysis
o ADDITIONAL RESOURCES
O Trial registration

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2023.107858.

8 iScience 26, 107858, October 20, 2023


https://doi.org/10.1016/j.isci.2023.107858

iScience ¢? CellPress
OPEN ACCESS

Lancet scoring

(98)

TBSA Model

Figure 6. Venn diagram for the patients diagnosed as requiring anti-TB treatments by different grouping methods

The Venn diagram shows the patients diagnosed as requiring anti-TB treatments under four respective methods of (1) conventional TBM confirmation (Definite
TBM): acid-fast bacilli, Mtb culture or NAAT, (2) Lancet scoring system (Lancet scoring): patients grouped in “Probable” or “Possible” TBM were regarded as
requiring anti-TB treatments while not considering the results of conventional TBM confirmation, and (3) TBSA model, against the CRA group. CRA = Clinical
resolution by anti-TBM treatment, TBM = tuberculous meningitis, TBSA = tuberculostearic acid.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

IBM— SPSS— Statistics Version 25.0 IBM, Chicago, IL, USA https://www.ibm.com/products/spss-statistics
GraphPad Prism 8 for macOS Version 8.2.1 (279) GraphPad Software https://www.graphpad.com/

RStudio Version 1.1.456 RStudio Inc N/A

Python Version 3.7.6 Python Software Foundation https://www.python.org/

Scikit-learn toolkit Version 0.21.2 Python Software Foundation https://pypi.org/project/scikit-learn/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Haishan Jiang
(jlanghs@smu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e The complete original data reported in this study cannot be deposited in a public repository because these data are confidential med-
ical records. The dataset used and analysed during the current study is available upon reasonable request, contact Mr. Tsz Hei Fong
(andrewfongth@163.com).
e This paper does not report original code.
e Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design, patients, and ethical approval

The patient cohort in this retrospective study was selected from the suspected TBM patients, who have had records and reserves for cere-
brospinal fluid samples, over ten years from January 1, 2009 to January 31, 2019 at the First affiliated hospital of Southern Medical University
(i.e., Nanfang Hospital), Guangzhou, China. The criteria for TBM clinical suspicion, microbiology diagnostic workup, and empirical therapies
were established to handle patients presented with stiff neck, headache, fever, or vomiting in addition to one of the following indicative
signs: 1) more than 5 days of disease course, 2) neurologic symptoms, and 3) cranial nerve palsies. Patients’ data was extracted from the elec-
tronic medical record system, including clinical manifestation, results of microbiological examinations (Ziehl-Neelsen staining, Mtb culture, or
NAAT), TBSA detection, brain radiological analysis, CSF analysis, and blood laboratory findings. All included participants’ data were from
Chinese patients (n = 113; males = 78, 69.0%; children = 6, 5.3%; mean age = 41.3 years). This study included no patients with HIV co-infection.
This study was approved by the Medical Ethics Committee of Nanfang Hospital to collect and use patients’ data for scientific research with
informed consent (approval letter no.NFEC-2018-087).

Inclusion and exclusion criteria

In the current study, a total of 369 suspected TBM patients were preliminarily reviewed, all of whom met the clinical entry criteria suggested by
the Lancet consensus of TBM diagnosis (headache, irritability, vomiting, fever, neck stiffness, convulsions, focal neurological deficits, altered
consciousness, or lethargy).'® Patients with missing records, basic information, diagnostic details, TBSA results, or a large amount of labora-
tory examination data (more than four parameters for each patient) were then excluded.

Therapeutic information

According to the therapeutic criteria of Nanfang Hospital, patients with mycobacterial confirmed or highly clinically suspected TB firstly
received four first-line drugs (rifampicin, isoniazid, pyrazinamide, and ethambutol). In cases the first-line anti-TB treatment failed, linezolid,
fluoroquinolone, or levofloxacin were prescribed subsequently. Patients with moderate or severe TBM accompanied with inflammatory
reactions were prescribed with corticosteroids. Suspected TBM patients found to have other infections or confirmed TBM patients with
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co-infections were both prescribed correspondent medications, including antiviral drugs, or antibiotics, etc. For retrospective assessment of
TBM diagnostic accuracy, we compared therapeutic histories and outcomes with diagnostic results for each patient. Additionally, only the
results of diagnostic tests and clinical evaluations prior to treatment were collected and used in the study.

METHOD DETAILS

Grouping strategies

Based on the type of therapy received, the finalized patient cohort was divided into two groups. Patients resulting in resolution of TBM symp-
toms (including night sweats, weight loss, persistent cough, lethargy, altered consciousness, headache, and fever) treated with anti-TB med-
ications and treated without anti-TB drugs were, respectively, categorized into the “Clinical resolution by anti-TBM treatment (CRA)" group
and the “Clinical resolution by non-TBM treatment (CRnA)” group. Importantly, CRnA patients had either been directly or indirectly confirmed
to be free of Mtb infection based on clinical, laboratory, or radiologic evidence, as well as positive responses to non-TBM therapies. The initial
and subsequent responses of both CRA and CRnA patients to therapy were evaluated throughout the inpatient course. Patients with ineffec-
tive medical treatment were then removed from the study due to interruption of treatment, treatment outcome not conforming to the course
of the relative disease, comorbidity or death with a critical illness. Therefore, the patients showing definite treatment responses in CRA and
CRnA groups support the categorization of TBM and non-TBM patients in this study, respectively.

Application of Clinical Scoring System

The Lancet scoring system for categorizing patients with suspected TBM was recommended for use in clinical research, dividing them into
groups of “Definite”, “Probable”, “Possible”, and “Not” TBM. Additionally, Thwaites’ scoring system was utilized to differentiate TBM from
bacterial meningitis by five clinical variables, including age (years) > 36, blood white-cell count (10%/mL) > 15000, history of illness (days) > 6,
CSF total white-cell count (103/mL) > 900, and CSF % neutrophils > 75. Our classification methods were compared with those from the Lan-
cet and Thwaites for further evaluation.

QUANTIFICATION AND STATISTICAL ANALYSIS
Construction of a scoring system with TBSA

To establish a scoring system, we used a multistep procedure to identify the best-fitted predictors for the logistic model. First,we extracted
variables that significantly differed between the CRA and CRnA groups using different statistical tests for various types of variables: the stu-
dent T-tests for normally distributed variables, the Mann-Whitney tests for non-normally distributed variables and categorical variables, and
the Chi-square tests for dichotomous variables (all continuous variables underwent a normality test by examining the Q-Q/P-P plot). Only
variables survived at P < 0.1 would be considered in the following logistic regression analyses. Before entering next step, all primarily included
continuous variables were converted into dichotomized forms using optimum cut-off value determined by Youden's index, separately for
each variable. Then univariate logistic analyses were applied to identify significant variables (P < 0.1) as covariates to be included in the sub-
sequent multivariate analyses. These covariates were inputted with TBSA in the multivariate logistic model to select the variables (P < 0.05)
that significantly associated with TBSA (P < 0.001). Based on the variables selected from the previous step, including TBSA, a stepwise forward
(conditional) logistic regression was performed to finally identify the key predictors for CRA and CRnA classification.

We scored each identified variable based on its odds ratio (OR) presented with 95% confidence interval (Cl). The patients’ final scores were
calculated by summing the scores of all variables. Optimum cut-off point for the prediction algorithm was identified using the receiver oper-
ating characteristic (ROC) curve. Sensitivity (i.e. recall), specificity, positive predictive value (PPV, or precision), negative predictive value (NPV),
and Fy score of our model were compared with those of the existing scoring system.

SVM classification model for validation
Patients’ data were input into a linear kernel SVYM and divided into two classes by identifying a hyperplane defined by w'x + b=0, where wis
the weight vector, x is the feature vector and b is the bias term, in order to construct a classification model for sorting patients into “"CRA" or
“CRnA" based on features weighting. Missing values in the data were filled with the mean of the corresponding variable of remaining patients.

Feature selection using Recursive Feature Elimination (RFE) was performed to assign weights (coefficients of a linear SVM) and rank the
importance of features in a current feature set (the initial set included all available features). The least important feature (or features) was/
were pruned recursively per loop of modelling until all features were ranked. The subsets were then derived and comprised of different num-
ber of features from each loop of RFE. The k-fold (k = 10) cross-validation (CV) based on RFE was used to validate the performance of each
subset model with different features, selecting the best feature set corresponding to the highest mean value of metric (F; score) of 10 folds.
The feature number in the best-validated set represents the optimal number of features in the SVM model. L2 regularization was applied in the
above RFE-CV modelling to avoid overfitting. The final SVYM model with a specific feature set was accomplished by training the whole dataset
to show the maximal classification interval.

For visualization of the classification performance of the SVM model, we reduced the dimensionality of the model using principal compo-
nent analysis (PCA). Down-dimensioned data reflected approximately 20-30% information of the original parameters and exhibited the clas-
sification capability of the SVM model.
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Statistical analysis

All statistical analyses in this study were performed with IBM— SPSS— Statistics (Version 25), GraphPad Prism 8 for macOS (Version 8.2.1
(279)), and RStudio (Version 1.1.456). SVM and PCA were implemented in Python (Version 3.7.6) using Scikit-learn (Version 0.21.2) toolkit
for machine learning.

ADDITIONAL RESOURCES
Trial registration

This study was retrospectively registered with the Chinese Clinical Trial Registry (Registration number: ChiCTR1900028161, https://www.
chictr.org.cn/showprojEN.html?proj=46907) on 14 December 2019.
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