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Purpose: Isoniazid (INH), a first-line anti-tuberculosis agent, exhibits variable cerebrospinal fluid (CSF) penetration owing to NAT2
genetic polymorphisms. This study developed an LC-MS/MS method to quantify INH in the human CSF for therapeutic drug
monitoring in patients with tuberculous meningitis.

Methods: The LC-MS/MS method developed and validated in this study includes linearity, sensitivity, accuracy, precision, extraction
recovery, matrix effect, and stability evaluations, all of which meet the standards for bioanalytical method validation. This method was
applied to a real-world prospective observational study to compare CSF trough concentrations of INH between patients receiving
conventional anti-tuberculosis therapy and those receiving conventional therapy combined with intrathecal INH injection, and
a pharmacokinetic study was conducted in one TBM patient.

Results: The validated LC-MS/MS method achieved a total run time of 3.5 min, demonstrated linearity over the range of 5-4000 ng/
mL, and had an LLOQ of 5 ng/mL, with all validation parameters meeting acceptance criteria. In the clinical cohort, the median CSF
trough concentration of INH was significantly higher in the intrathecal therapy group (1130.00 ng/mL, N=117) than in the conventional
therapy group (155.00 ng/mL, N=45, P<0.001). Target attainment rates at >120 ng/mL and >250 ng/mL were also significantly greater
in the intrathecal group (84.62% and 77.78%, respectively) versus the conventional group (57.78% and 35.56%, both P<0.001).
Pharmacokinetic analysis in a TBM patient after intrathecal INH administration revealed a T.x of 6 h, C.x of 2810 ng/mL, and an
elimination half-life of approximately 14 h.

Conclusion: A sensitive and reliable LC-MS/MS method was successfully developed and validated for quantification of INH in
human CSF. This study confirms that intrathecal administration of INH can significantly increase drug concentrations in the CSF of
TBM patients, providing methodological support and preliminary clinical evidence for optimizing treatment strategies in TBM.
Keywords: LC-MS/MS, isoniazid, cerebrospinal fluid, tuberculous meningitis

Introduction
Tuberculous meningitis (TBM) is a non-purulent meningitis caused by Mycobacterium tuberculosis (MTB) infection,
accounting for only 1% of all tuberculosis cases; however, its mortality rate can reach 27%, with poor prognosis, making
it the most fatal form of tuberculosis and posing a serious impact on global public health.! Furthermore, an estimated
23% of global adult TBM incidence occurred in people with HIV.? In recent years, factors such as population mobility,
increasing MTB drug resistance, and rising HIV incidence have contributed to a growing prevalence of TBM.?
Isoniazid (INH) is a first-line drug for the treatment of TBM." Its pharmacokinetics in the blood are significantly
influenced by the activity of hepatic N-acetyltransferase 2 (NAT2), which exhibits considerable interindividual
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variability. Although INH exhibits good blood-brain barrier permeability, variability in NAT2 activity may result in
suboptimal systemic drug exposure following intravenous or oral administration, which in turn can limit INH concentra-
tions in the cerebrospinal fluid (CSF) below therapeutic levels and undermine TBM treatment efficacy.” Monitoring INH
concentrations in CSF and developing personalized dosing regimens are therefore critically important.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) is widely used for therapeutic drug monitoring
(TDM) due to its high sensitivity, excellent specificity, straightforward method development, and low detection costs.® In
this study, we developed a LC-MS/MS method for determination of INH in human CSF, which was characterized by
a rapid sample pre-preparation procedure, a simple component of mobile phase, high sensitivity and short elution time.
This method is applied in a real-world prospective observational study aimed at comparing the effects of different INH
dosing regimens on CSF drug concentrations. By measuring INH trough levels in CSF, it analyzes differences in target
attainment rates among various dosing strategies to guide clinical treatment.

Materials and Methods

Clinical Data
Patient Inclusion and Exclusion Criteria
Inclusion Criteria: Patients clinically diagnosed with TBM. Diagnostic principles include: M Positive conventional
microbiological culture for MTB or positive nucleic acid amplification test; ) In the absence of etiological diagnosis,
a scoring diagnosis is performed based on clinical symptoms combined with CSF laboratory tests and imaging findings.”
No restrictions on gender, age, ethnicity, or personal history.

Exclusion Criteria: (O Patients with other concurrent central nervous system infections or tumors; @) HIV-positive patients.

Baseline Indicators

Age, sex, disease severity (TBM grade), baseline CSF parameters, hepatic and renal function, nutritional status, treatment
history, and underlying diseases. TBM severity is graded according to the British Medical Research Council criteria:
Grade I, Alert, oriented, with no focal neurological deficits; Grade II, Glasgow Coma Scale (GCS) 10-14, with or
without focal neurological deficits, or GCS 15 with focal neurological deficits; Grade 111, GCS <10, with or without focal
neurological deficits.®’

Interventions

Enrolled patients received conventional anti-tuberculosis therapy including INH via oral or intravenous routes, with
treatment duration lasting at least until the study endpoint. The intrathecal treatment group received INH 50 mg or
100 mg plus dexamethasone 2 mg, administered 2-3 times per week. Patients receiving conventional anti-TB therapy
without intrathecal injection served as the control group. All the participants provided written informed consent.

CSF Sample Collection

Control group: 1-2 mL of CSF was collected during routine CSF examination. Intrathecal injection group: 1-2 mL of
CSF was collected immediately before the next scheduled intrathecal injection for measurement of INH trough
concentration. For patients requiring external ventricular drainage, 100 mg INH was administered intrathecally. CSF
samples from the ventricular drain were collected at 0 h (pre-dose) and at 5 min, 10 min, 30 min, 1 h, 2h, 6 h, 12 h, and
48 h post-dose. All CSF samples were centrifuged, and the supernatant was stored at —80 °C.

Drug Concentration Evaluation Criteria

Based on the Clinical and Laboratory Standards Institute (CLSI) 2023 second-edition standard “Susceptibility Testing of
Mycobacteria, Nocardia spp., and Other Aerobic Actinomycetes”, INH interpretive breakpoints are as follows: sensitive
(>120 ng/mL), resistant (>250 ng/mL)."°

Drugs and Reagents
INH (chemical purity 99.9%) and deuterated isoniazid (D4-INH; isotopic abundance > 99%, chemical purity 98.7%)
were obtained from Alta Scientific Co., Ltd. (Tianjin, China). D4-INH was used as the internal standard (IS). The mobile
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phases were prepared using ammonium acetate, acetonitrile, and water. The reagents used included ammonium acetate
(C,H;NO,, purity 99.99%, Shanghai Macklin Biochemical Technology Co., Ltd.), acetonitrile (C,H3N, Optima® LC/MS
grade, Fisher Scientific), and methanol (CH40O, chromatographic grade, Fisher Chemical), all meeting analytical
requirements with clearly labeled batch numbers and specifications.

Instrument

LC-MS/MS was used for sample detection. HPLC (SHIMADZU LC-20AD) system consisted of a degasser, binary
pump, and autosampler. Electrospray Ionization mass spectrometry (ESI-MS) was performed using an API QTRAP 5500
mass spectrometer (Applied Biosystems Inc., USA). A reverse-phase Agilent Eclipse Plus C18 column (50 mmx4.6 mm,
3.5 um) was used to separate the chemical ingredients. The instruments used in the experiment included an analytical
balance (Mettler, XS105DU), a water purification system (Milli-Q Integral 5, Merck Millipore), and a refrigerated
centrifuge (Sigma Laborzentrifugen, ST16R), all of which met the experimental and precision requirements.

Preparation of Stock and Working Solutions

Standard stock solutions of INH and IS were prepared in methanol: water (50:50, v/v) at 1.0 mg/mL. All stocks were
stored at 4 °C. Calibration standards for INH (0.1-80 pg/mL) were prepared by serial dilution of the stock solution in
methanol:water (50:50, v/v). The IS working solution (4 pg/mL) was obtained by diluting 4 pL of IS stock with 996 uL
of methanol:water (50:50, v/v).

Preparation of Standard and Quality Control Samples

Calibration standards, with nominal CSF concentrations of 0, 5, 10, 50, 250, 500, 1000, 2000, and 4000 ng/mL, were
prepared by adding 10 pL of working solution and 10 pL of IS (4 pg/mL) to 190 pL of blank cerebrospinal fluid. Quality
control (QC) samples were prepared in the same manner at CSF concentrations of 15 ng/mL (low), 800 ng/mL (medium)
and 3200 ng/mL (low, medium, and high, respectively).

Sample Preparation

This part of the study employed a one-step acetonitrile-mediated protein precipitation method for sample pretreatment.''
Samples stored at —80 °C were thawed at 4 °C. 10 uL of IS (4 pg/mL) were added to 200 puL of CSF samples. After
vortexing for 30s, 600 puL of acetonitrile was added to the mixture to precipitate the protein. Then The samples were
vortex-mixed for 3 min and centrifuged at 16200xg for 10 min at 4 °C. The supernatant was collected and an aliquot
(5 uL) was injected into the LC-MS/MS system for immediate analysis.

Method Validation

FDA guidance for bioanalytical method validation was used in this study (FDA, 2022)."2 QC samples (n=6) at
concentrations of 15, 800, and 3200 ng/mL were used to validate the method in terms of precision, accuracy, recovery,
matrix effects, and stability. The acceptance criteria of their Relative Standard Deviation (RSD) were within +15%
(except for the lowest standard and low-concentration QC samples, for which the RSD value was within +20%).

Specificity
Specificity was tested by analyzing five different blank human CSF samples to ensure the absence of endogenous
compounds with the same retention times as INH and the IS.

Linearity and Sample Quantification

Calibration standards were prepared and analyzed in triplicate to establish a calibration curve ranging from 5 to 4000 ng/
mL. In addition, linearity was zero. Standards were processed with samples simultaneously but assayed ahead. The QCs
were run along the samples. The peak area ratio of INH to IS was plotted against the concentration. The curves were
fitted by least-squares linear regression using a weighting factor of 1/x>. The INH concentrations in the samples were
calculated from calibration curves.
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Lower Limit of Quantification
Sensitivity was defined as the lower limit of quantification (LLOQ), which represents the lowest calibration standard
yielding a signal-to-noise ratio of > 10, with accuracy and precision within £20% and <20%, respectively.

Precision and Accuracy

The intra-day precision and accuracy of the method were evaluated in six replicates at three concentrations (15, 800, and
3200 ng/mL) on the same day. The inter-day precision and accuracy were measured by analyzing a set of samples (n=6) at
three levels on three consecutive days. Precision was evaluated as RSD, and accuracy was expressed as relative error (RE).

Recovery and Matrix Effect

The extraction recovery of INH was determined by comparing the peak areas obtained from the extracted samples of
blank CSF spiked with known amounts of the standard to those of the standard working solutions. Experiments were
performed at three QC concentrations in six replicates.

The matrix effect was evaluated to determine whether the endogenous matrix components in the CSF samples
suppressed or enhanced analyte response. It was evaluated by comparing the peak areas obtained from the mixture (INH
final concentration of three QC levels) of the extract of precipitated blank CSF with known amounts of standard to those
of the standard working solutions. The experiments were performed with six replicates.

Stability

Stability of INH in human CSF samples was evaluated under the following conditions: QC samples were stored at —80
°C for 36 days, in three daily freeze—thaw cycles at —20 °C; stored at 4 °C for 24 h, and stored at room temperature for
4 h. Experiments were performed at three different concentrations (15, 800, and 3200 ng/mL) in six replicates.

Effect of Dilution

The effect of dilution was investigated by diluting the samples at a concentration of 7000 ng/mL INH by 2-fold with
blank human CSF, resulting in a final CSF concentration of INH (3500 ng/mL) within the range of the standard curve.
The analysis was performed six times using calibration curves.

Statistical Methods

Patient baseline characteristics were summarized as follows: continuous variables are presented as median (range), with
between-group comparisons performed using the Kruskal-Wallis H-test; categorical variables are presented as counts,
with between-group comparisons conducted using Fisher’s exact test.

For the statistical analysis of INH concentrations in CSF, continuous variables (drug concentrations) were not
normally distributed and are described as median with the 25th and 75th percentiles (P,5, P75). Categorical variables
(attainment rates of concentration thresholds) are expressed as frequency (N) and percentage (%). Comparisons of
concentration medians were performed using the Kruskal-Wallis test, followed by a linear mixed-effects model to adjust
for clustering effects resulting from multiple measurements per subject. Comparisons of attainment rates among different
experimental groups were made using the y’-test or Fisher’s exact test, with within-subject repeated measurements
adjusted using generalized estimating equations (GEE).

All analyses were conducted using SPSS 29.0 statistical software. Pharmacokinetic analyses were performed using
GraphPad Prism 10 software.

Results

Baseline Characteristics of the Study Population

This study enrolled 34 patients (162 cerebrospinal fluid samples) clinically diagnosed with TBM in the Department of
Infectious Diseases, Beijing Tsinghua Changgung Hospital, from April 2024 to September 2025. Among them, 16
patients (45 CSF samples) were assigned to the control group and 18 patients (117 CSF samples) to the experimental
group. No statistically significant differences were observed in clinical baseline characteristics between the two groups
(P>0.05), indicating that the baseline profiles were balanced and comparable (Table 1).
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Table | Baseline Characteristics of Enrolled Patients

Clinical Characteristics Control Group Experimental Group | P-value
Demographics

Age [years, median (range)] 55 (21, 78) 55 (32, 69) 0.478
Sex (N, Male/Female) 10/6 10/8 0.738
TBM Grade (N, Grade I/II/Ill) 8/5/3 3/12/3 0.082
Baseline CSF Parameters [median (range)]

Protein (g/L) 0.65 (0.19, 3.99) 0.74 (0.34, 10.69) 0.187
Glucose (mmol/L) 2.99 (0.93, 4.17) 2.55 (2.49, 5.54) 0.270
Chloride (mmol/L) 124.4 (109.8, 130.3) | 122.7 (116.6, 128.5) 0.885
Baseline Blood Parameters [median (range)]

ALT (U/L) 13.1 (5.1, 9L.1) 14.5 (9.4, 99.5) 0.939
AST (U/L) 14.1 (11.4, 72.6) 18.3 (8.8, 39.0) 0.740
Albumin (g/L) 40.0 (33.1, 47.6) 39.4 (35.5, 40.9) 0.119
CRE (umol/L) 65 (44, 91) 55 (45, 70) 0.058
eGFR (mL/min/1.73m?) 102.6 (69.3, 135.8) 117.3 (95.4, 127.7) 0.597
Hemoglobin (g/L) 128 (94, 155) 127 (115, 158) 0.408
Previous Anti-TB Treatment Prior to Enrollment (N, %) | 9 (56.3) 12 (66.7) 0.725
Presence of Comorbidities (N, %) 14 (87.5) 10 (55.6) 0.063

Notes: Continuous variables are presented as median (range). Categorical variables are presented as counts (N) and proportions (%).
P-values were calculated using the Kruskal-Wallis H-test for continuous variables and Fisher’s exact test for categorical variables.

LC-MS/MS Conditions

HPLC Condition

Chromatographic separation was achieved using a gradient elution system with mobile phases A (acetonitrile) and B (10
mM ammonium acetate in water) at a constant flow rate of 0.5 mL/min. The gradient program was set as follows: 10%
A was maintained from 0 to 1.0 min; linearly increased to 90% A between 1.0 and 1.2 min; held at 90% A for 2.0 min;
linearly decreased to 10% A from 2.0 to 2.5 min; and re-equilibrated at 10% A for 3.5 min. All solvent ratios are
expressed as volume-to-volume (v/v). The autosampler temperature was maintained at 4°C and samples were protected
from light throughout the analysis. An injection volume of 5 pL. was used for all the samples.

MS/MS Condition

The analysis was performed in multiple reaction monitoring (MRM) mode. The optimized mass spectrometric parameters
were set as follows: electrospray ionization (ESI) in positive ion mode, curtain gas (CUR) at 40 psi, collision gas (CAD)
at medium level, ion source gas 1 (Gas 1) at 20 psi, ion source gas 2 (Gas 2) at 20 psi, ion spray voltage (IS) at 5500 V,
and source temperature (TEM) at 500°C. The MRM transitions were monitored at m/z 138.0 — 121.0 for INH and m/z
142.0 — 125.0 °for D4-INH (Figure 1).

Method Validation Results

Specificity

The MRM chromatogram for the detection of INH in CSF (Figure 2) shows that both INH and IS exhibited a retention
time of 1.18 min, with a total run time of 3.5 min. No endogenous interference was observed at the retention times of
INH and IS. Analysis of a clinical CSF sample revealed an INH concentration of 6.74 ng/mL, with chromatographic peak
shapes consistent with those of the standard solution and comparable IS peak intensity. These results demonstrate the
good specificity of the method, supporting its applicability for the clinical determination of INH concentrations in CSF.

Linearity and LLOQ

The method exhibited linearity within the concentration range of 5-4000 ng/mL. The calibration curve was analyzed in
a CSF matrix on three consecutive days, yielding an average correlation coefficient (r) of 0.9967 + 0.001418 across the
three runs, demonstrating stable and reliable linearity (Table 2). LLOQ was 5 ng/mL, with accuracy (RE) and precision
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Figure | (A) Representative ion spectra showing the precursor (138.0 m/z) and fragment ions of INH. (B) Representative ion spectra showing the precursor (142.0 m/z)
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determination of INH in human CSF.

Accuracy and Precision

The accuracy and precision of the method were evaluated at three QC concentration levels (15.00, 800.00, and 3200.00
ng/mL). The inter-run relative standard deviation (Inter-RSD) ranged from 0.95% to 12.78%, intra-run RSD (Intra-RSD)
ranged from 5.48% to 9.15%, and the relative error (RE) ranged from -5.76 to 1.74% (Table 3). All results met the
predefined acceptance criteria for bioanalytical method validation, demonstrating that the method has good reproduci-
bility and accuracy, and meets the reliability requirements for quantitative analysis of INH in cerebrospinal fluid.
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Figure 2 (A) MRM chromatograms from blank CSF; (B) solution containing 5 ng/mL for INH and 200 ng/mL for IS; (C) clinical sample containing 6.74 ng/mL for INH
collected after intrathecal injection of INH at a dose of 100 mg.

Matrix Effect and Recovery

The extraction recovery of INH was evaluated at three QC concentration levels (15.00, 800.00, and 3200.00 ng/mL). The
results showed recoveries of 100.00 + 8.15%, 93.16 + 7.62%, and 104.74 + 7.62%, respectively. The recovery rates at
each concentration level were close to 100% with small coefficients of variation, indicating that the sample pretreatment
method was stable and reliable. The matrix effect was assessed and found to range from 97.43% to 105.04%, which is
close to 100% and exhibited no significant fluctuation. This suggests that the CSF matrix did not cause obvious
interference with the ionization process of INH, and that the method effectively eliminates the impact of matrix effects,
thereby ensuring the accuracy and reliability of the quantitative results (Table 4).

Stability

A comprehensive stability evaluation of INH in CSF was conducted under various storage and processing conditions,
including 4 h at room temperature, 36 days at —80 °C, 24 h at 4 °C, and three freeze-thaw cycles. The results showed that
the accuracy (RE) of QC samples at low, medium, and high concentration levels ranged from —12.46% to 10.47%, and
the precision (RSD) was within 15% under all tested conditions (Table 5). These findings indicate that INH remains

Table 2 Calibration Curves of INH in Three Runs

Compound | Parameter | runl run2 run3 Mean * SD

INH Slope 0.00483 0.0052 | 0.00506 | 0.00503+0.000187
Y-intercept —0.000588 | 0.00346 | 0.00484 | 0.002571+0.002821
r 0.9972 0.9951 0.9978 | 0.9967+0.001418

Table 3 Inter- and Intra-Day Precision (RSD) and Accuracy (RE) of INH (n=6)

Compound | QC (ng/imL) | Mean Calculated (ng/mL) | SD (ng/mL) | RE (%) | Inter-RSD (%) | Intra-RSD (%)
INH 3200.00 3015.56 190.73 —5.76 0.95 6.72

800.00 800.00 79.95 0.00 12.78 5.48

15.00 15.26 1.32 1.74 2.16 9.15
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Table 4 Matrix Effect and Recovery of INH (n=6)

Compound | QC (ng/mL) | Recovery (%) Matrix Effect (%)
Mean £ SD | RSD | Mean * SD | RSD
INH 3200.00 104.74+7.62 | 728 | 97.43%5.75 5.90
800.00 93.16x7.62 8.18 105.04+£9.55 | 9.09
15.00 100.00£8.15 | 8.15 | 99.49+8.21 8.26
Table 5 Stability of INH in CSF (n=6)
Stability QC Sample (ng/mL) | Mean = SD RSD (%) | RE (%)
Room temperature for 4 hours | 3200.00 3223331115 3.46 6.50
800.00 781.00+31.19 3.99 -3.94
15.00 16.07+0.61 3.80 5.13
Frozen for 36 days at —80 °C 3200.00 3303.33+35.12 1.06 —0.40
800.00 800.67+79.39 9.92 4.39
15.00 16.53+0.90 5.42 10.47
4 °C for 24 hours 3200.00 3293.33%451.70 | 13.72 9.66
800.00 731.67+9.02 1.23 -5.79
15.00 13.47£1.62 12.00 —12.46
Three freeze-thaw cycles 3200.00 3260+250.6 7.69 8.07
800.00 846+53.69 6.35 4.40
15.00 15.03+0.81 5.38 -1.2

stable under the described conditions, meeting the quality requirements for the entire process of clinical sample
collection, transportation, storage, and analytical testing, thereby ensuring accurate and reliable measurement results.

Effect of Dilution

The method was further assessed for its suitability to measure high-concentration samples via dilution. When INH
concentrations in CSF exceeded the upper limit of quantification (4000 ng/mL), samples were appropriately diluted
before analysis. The precision (RSD) and accuracy (RE) for the diluted samples were 5.77% and —2.05%, respectively,
both meeting the pre-defined acceptance criteria of <15% for precision and accuracy in method validation. These results
demonstrate that the method is not only applicable for quantitative analysis within the conventional concentration range,
but can also accurately determine high-concentration CSF samples through dilution, indicating good method extensibility
and clinical applicability.

Clinical Evaluation

Pharmacokinetic

This study was a real-world prospective observational investigation. A 14-year-old male patient with TBM was recruited
from the Department of Infectious Diseases, Beijing Tsinghua Changgung Hospital, in June 2025. The patient presented
with a chief complaint of “intermittent headache for 9 months and impaired consciousness for 3 months”. Etiological
diagnosis (CSF Xpert MTB/RIF) was positive for Mycobacterium tuberculosis complex (MTBC) (semi-quantitative
grade: medium, Ct value: 23). The patient’s family denied any history of underlying diseases, infectious disease
exposure, smoking, alcohol consumption, or relevant family history.

The patient was classified as TBM Grade III. Baseline admission laboratory parameters were as follows: alanine
aminotransferase (ALT) 11.7 U/L, aspartate aminotransferase (AST) 20.2 U/L, serum creatinine (CRE) 18 pumol/L,
estimated glomerular filtration rate (¢GFR) 235.38 mL/min/1.73 m?, serum albumin 41.2 g/L, hemoglobin 101 g/L.
Cerebrospinal fluid (CSF) analysis showed: protein 1.45 g/L, glucose 1.28 mmol/L, chloride 116.9 mmol/L, and white
blood cell count 6 x 10%L.

Infection and Drug Resistance 2026:19
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Figure 3 Concentration-time profile of INH in one patient following intrathecal administration of 100 mg. The concentration reached a peak of 2810 ng/mL at 6 hours post-
dose and declined to 132 ng/mL by 48 hours, immediately before the next scheduled intrathecal injection.

Upon admission, the patient had an existing external ventricular drainage catheter. The anti-tuberculosis treatment
regimen consisted of oral or intravenous administration of INH 600 mg once daily, rifampicin 0.45 g once daily,
pyrazinamide 0.5 g once daily, and ethambutol 0.5 g once daily. Adjunctive therapy included methylprednisolone 20 mg
once daily and mannitol for intracranial pressure management. Concurrently, intrathecal injections were administered at
a dose of INH 100 mg plus DEX 2 mg, three times per week, following informed consent.

CSF samples were collected from the external ventricular drain at the following time points relative to intrathecal
INH administration: 0 h (pre-dose), and 5 min, 10 min, 30 min, 1 h, 2 h, 6 h, 12 h, and 48 h post-dose. The measured
concentrations of all samples fell within the range of the standard calibration curve. Pharmacokinetic analysis of INH in
CSF was performed for this patient, and the concentration-time profile is presented in Figure 3.

Based on the CSF concentration data following the intrathecal administration of 100 mg INH, the pharmacokinetic
parameters were as follows: time to maximum concentration (Ty,.x) = 6 h, maximum concentration (C,,,x) = 2810 ng/mL,
trough concentration at 48 h (Cyougn) = 132 ng/mL. The area under the concentration-time curve from 0 to 48 hours (AUC_4g)
was 35650 ng-h/mL, with AUC, ¢ = 5380 ng-h/mL and AUCg4 43 = 30270 ng-h/mL. The distribution half-life (t,/a) was
approximately 1.5 h, and the elimination half-life (t,/>3) was approximately 14 h. The apparent clearance (CL/F) was 2.8 L/h,
and the apparent volume of distribution (V4/F) was 55 L.

Analysis of Trough Concentrations of INH in CSF

A total of 162 CSF samples were analyzed. The range of INH trough concentrations was 709.50 (140.50, 1517.50) ng/mL.
The drug concentrations were compared between the control group and the experimental group based on the number of CSF
samples, as presented in Table 6. The results revealed that the median INH concentration in the CSF of the experimental
group (1130.00 ng/mL) was significantly higher than that in the control group (155.00 ng/mL) (P < 0.001). Regarding the
target attainment rates at the two defined concentration breakpoints, the experimental group demonstrated significantly
superior performance compared to the control group, with the differences being statistically significant (P < 0.001).

Table 6 Comparison of CSF Drug Concentration/Target Attainment Rate (Per Sample Frequency)

Outcome Measure Total Control Group | Experimental Group | P-value
Sample Size N=162 N=45 N=117

Concentration (ng/mL) | 709.50 155.00 1130.00 <0.001
Median (P;s, P7s) (140.50, 1517.50) | (38.30, 403.00) (356.00, 1900.00)

2250 ng/mL, N (%) 125 (77.16%) 26 (57.78%) 99 (84.62%) <0.001
2250 ng/mL, N (%) 107 (66.05%) 16 (35.56%) 91 (77.78%) <0.001
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Discussion

Three critical factors must be considered when developing a functional analytical method: LLOQ with high sensitivity,
a simple and efficient sample preparation procedure, and reasonable chromatographic elution time. Although several LC—
MS/MS methods have been reported in the literature,'>'*
complex pretreatment steps such as derivatization of INH metabolites or phospholipid removal. Additionally, these

most of them use plasma as the detection matrix and require

methods often exhibit relatively high LLOQ (80ng/mL or higher), employ gradient elution programs exceeding
4.2 minutes, or rely on injection volumes larger than 50 pL to maintain adequate sensitivity.

Human CSF was used as the matrix in the present study. Compared with the previously reported method,'” this LC-
MS/MS method demonstrates significantly higher sensitivity for INH detection, achieving LLOQ of 5 ng/mL, which is
notably lower than the 58.6 ng/mL reported. The chromatographic run time was also reduced to 3.5 minutes, compared to
the 4.5 minutes required by the earlier method. For sample preparation, the one-step acetonitrile-mediated protein
precipitation employed here is simpler and faster than the solid-phase extraction procedure using Strata-X mixed-
mode plates, while maintaining satisfactory recovery (93.16-104.74%). The validated quantification range of 54000
ng/mL fully covers the INH concentrations observed following intrathecal administration, supporting its suitability for
TDM and pharmacokinetic studies.

The prospective clinical study revealed that in patients receiving conventional anti-tuberculosis therapy, the median
trough concentration of INH in CSF was only 155.00 ng/mL, with 42.22% (19/45) of samples falling below the MIC for
drug-sensitive MTB (120 ng/mL),"® indicating inadequate inhibitory levels. Given the rising prevalence of drug-resistant
tuberculosis, where the MIC for resistant strains can reach 4000 ng/mL,'® it is notable that only 35.56% (16/45) of
samples in the conventional treatment group exceeded 250 ng/mL. This suggests that CSF drug concentrations in most
patients may be insufficient to suppress resistant strains, partly explaining the suboptimal therapeutic responses observed
clinically.” In contrast, the regimen combined with intrathecal INH injection significantly increased drug exposure in
CSF, achieving a median trough concentration of 1130.00 ng/mL. Moreover, 84.62% (99/117) of samples exceeded
120 ng/mL, and 77.78% (91/117) exceeded 250 ng/mL. The present results not only confirm that intrathecal administra-
tion effectively elevates INH concentrations in CSF, but also highlight the importance of TDM in TBM management.
TDM enables timely identification of patients with insufficient CSF INH concentrations, allowing for regimen adjustment
to improve clinical outcomes.

Limitations

The primary aim of this study was to establish a methodology and conduct a preliminary evaluation of its clinical
application. The limitations of the clinical research mainly include a relatively small sample size and its single-center
observational design, which may introduce selection bias. The study only measured trough concentrations of INH in CSF
and did not comprehensively assess the dynamic relationship between peak concentrations and the time-dependent
bactericidal characteristics. Furthermore, the study did not systematically explore the optimal dose, frequency, or duration
of intrathecal administration. Future studies should involve multicenter, large-sample prospective research to further
validate the clinical benefits and safety of intrathecal INH administration and to establish an individualized dosing model
based on CSF drug concentrations. Additionally, pharmacokinetic/pharmacodynamic integrated analyses should be
conducted to clarify the quantitative relationship between INH concentrations in CSF and clinical efficacy, the develop-
ment of drug resistance, and adverse reactions, thereby providing stronger evidence for the precision treatment of severe
and drug-resistant TBM.

Conclusion

The established LC-MS/MS method in this study is accurate and reliable, making it suitable for clinical monitoring of
INH concentrations in the CSF of TBM patients. Clinical results demonstrate that intrathecal INH administration
significantly increases CSF drug concentrations and improves target attainment rates. Therefore, TDM is recommended
for severe or treatment-refractory TBM patients, and intrathecal delivery should be considered as a key strategy for
optimizing therapeutic regimens.
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