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Abstract 

Background  Timely detection of drug-resistant tuberculosis (DR-TB) is essential for effective treatment and prevent-
ing poor outcomes. Rapid molecular diagnostics are promising alternatives to conventional phenotypic drug sus-
ceptibility testing (pDST), offering faster and more accessible detection of resistance. This study evaluated the cost-
effectiveness of rapid molecular assays, alone or combined with pDST, for detecting resistance to isoniazid, rifampicin, 
and fluoroquinolones from a South African healthcare provider perspective.

Methods  A decision-analytic model was developed to simulate TB-related outcomes for a hypothetical cohort 
of microbiologically confirmed TB patients. Nine diagnostic strategies were evaluated: pDST alone; four rapid molecu-
lar tests (line probe assays [LPAs], Xpert MTB/RIF [Xpert] followed by Xpert MTB/XDR [Xpert XDR], Xpert MTB/RIF Ultra 
[Xpert Ultra] followed by Xpert XDR, and targeted next-generation sequencing [tNGS]); and combinations pairing 
each molecular test with pDST. Outcomes included early treatment rates, mortality, direct medical costs, disability-
adjusted life-years (DALYs), and incremental cost-effectiveness ratios (ICERs). Base-case, sensitivity, and scenario 
analyses were performed.

Results  In the base-case analysis, ‘Xpert followed by Xpert XDR + pDST’ was the preferred cost-effective strategy, 
with an ICER of USD 6,554/DALY averted—below South Africa’s GDP per capita threshold. While ‘tNGS + pDST’ yielded 
the greatest health benefits—lowest DALYs (1.9877), highest early treatment rate (995.54/1,000 tested), and low-
est mortality (90.22/1000 tested)—its ICER (USD 25,918/DALY averted) exceeded three times the GDP per capita, 
rendering it not cost-effective. Sensitivity analyses highlighted the impact of diagnostic accuracy and treatment 
timing on cost-effectiveness outcomes. Probabilistic sensitivity analysis showed ‘tNGS + pDST’ had the highest prob-
ability of being cost-effective when the willingness-to-pay threshold exceeded USD 10,500/DALY averted. Diagnos-
tic replacement scenario analysis revealed that tNGS alone could be a cost-effective alternative (ICER = USD 1712 
per DALY averted) when pDST was unavailable. An extended two-year time horizon analysis confirmed base-case 
robustness.
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Conclusions  Combining rapid molecular diagnostics with pDST offers a cost-effective and clinically beneficial 
approach for DR-TB detection in high-burden settings. The Xpert-based strategy provides an optimal balance of diag-
nostic yield, early treatment, and economic efficiency in South Africa. tNGS represents a feasible alternative in settings 
where pDST is inaccessible, warranting further evaluation for broader implementation.

Keywords  Tuberculosis, Drug resistance, Rapid molecular diagnostics, Phenotypic testing, Cost-effectiveness, High-
burden settings

Background
Drug-resistant tuberculosis (DR-TB) remains a criti-
cal global health challenge, accounting for nearly one-
third of deaths attributed to antimicrobial resistance [1, 
2]. In 2023, approximately 400,000 cases of multidrug-
resistant or rifampicin-resistant TB (MDR/RR-TB) were 
reported globally, yet only about 40% were diagnosed 
and initiated on treatment [1, 3]. The rising burden of 
DR-TB threatens progress toward the World Health 
Organization’s (WHO) End TB Strategy, with projec-
tions estimating that over the next 35  years, up to 75 
million people could be affected, costing the global 
economy $16.7 trillion [4, 5].

South Africa, a high-burden country, reported 13,000 
MDR/RR-TB cases in 2023, of which only 6,799 were lab-
oratory-confirmed [1]. TB-related mortality remains high 
at 21%, underscoring the urgent need for improved diag-
nostic and treatment strategies. Despite having a robust 
regulatory framework and comprehensive clinical data, 
only 47% of newly diagnosed TB cases in South Africa 
received WHO-recommended rapid molecular testing in 
2023, contributing to a treatment success rate of just 62% 
for MDR/RR-TB [1, 3].

Accurate and timely detection of DR-TB is essential for 
effective management and control [4, 6]. The WHO rec-
ommends universal access to drug susceptibility testing 
(DST), including rapid testing for resistance to rifampicin 
(RIF), isoniazid (INH), and fluoroquinolones (FQs) [3, 
7]. However, routine DST remains limited in many high-
burden settings due to financial, technical, and infra-
structural constraints [3]. Conventional phenotypic DST 
(pDST), while considered the gold standard, is hindered 
by long turnaround times, biohazard risks, and opera-
tional complexity [6, 8].

Recent advancements in nucleic acid amplification 
tests have significantly improved the speed and acces-
sibility of DR-TB diagnosis [3, 9]. Polymerase chain 
reaction-based assays such as Xpert MTB/RIF (Xpert), 
Xpert MTB/RIF Ultra (Xpert Ultra), and Xpert MTB/
XDR (Xpert XDR) enable rapid detection of Mycobac-
terium tuberculosis and resistance to first- and second-
line drugs within hours [3, 10]. Line probe assays (LPAs), 
which are based on reverse hybridization DNA strip 
technology—including GenoType MTBDRplus and 

MTBDRsl—offer mutation-specific resistance profiling 
for first- and second-line drugs [11, 12]. Targeted next-
generation sequencing (tNGS), which uses high-through-
put sequencing, such as the Deeplex-MycTB assay, 
provides comprehensive resistance detection without 
the need for culture and has recently been endorsed by 
WHO as a follow-on test [3, 13].

While rapid molecular diagnostics have been increas-
ingly adopted, the cost-effectiveness of combining these 
assays with pDST, and the comparative evaluation of 
newer tests such as tNGS against established molecular 
diagnostics, remains underexplored in high-burden set-
tings. Therefore, this study aimed to evaluate the cost-
effectiveness of rapid molecular assays, alone and in 
combination with pDST, for detecting resistance to INH, 
RIF, and FQs in TB patients, from the perspective of 
healthcare providers in South Africa.

Methods
Model design
This economic evaluation was conducted in accord-
ance with the Consolidated Health Economic Evaluation 
Reporting Standards (CHEERS) guidelines (Additional 
file  1: CHEERS Checklist) [14]. A decision-analytic 
model was developed to simulate TB-related clinical and 
economic outcomes for a hypothetical cohort of microbi-
ologically confirmed TB patients undergoing drug resist-
ance testing, from the perspective of healthcare providers 
in South Africa (Fig. 1).

The model evaluated nine diagnostic strategies: pDST 
alone; four rapid molecular tests (LPAs, Xpert, followed 
by Xpert XDR, Xpert Ultra followed by Xpert XDR, and 
tNGS), and four combination strategies pairing each 
molecular test with pDST. A one-year time horizon was 
used to capture key outcomes, including direct medical 
costs, disability-adjusted life-years (DALYs), TB-related 
mortality, and the number of patients receiving early 
treatment.

The pDST-alone strategy was included as a reference 
comparator to benchmark the incremental value of rapid 
molecular diagnostics against the conventional pheno-
typic approach. The nine strategies represent a spectrum 
of diagnostic pathways—from phenotype-only baseline 
to molecular-only replacements, and combinations that 
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reflect the stepped diagnostic algorithms recommended 
by WHO and national guidelines [3, 15].

The base-case model assumed ideal test completion 
rates and diagnostic yield for all assays, including cul-
ture-dependent tests. Patients were categorized as either 
rifampicin-resistant (RR-TB) or rifampicin-susceptible 
(RS-TB), with further stratification based on FQ and INH 
resistance profiles. Treatment initiation was classified as 
early (based on positive test results), late (following false-
negative results corrected by pDST), or inappropriate 
(due to undetected resistance) [1, 3].

Patients receiving late treatment were initially placed 
on an inappropriate regimen due to false-negative molec-
ular results. Upon receipt of pDST confirmation, treat-
ment was corrected. These patients incurred an elevated 
mortality risk during the delay, though not as high as 
those who never received appropriate treatment. Mortal-
ity differences were modeled based solely on the timing of 
correct diagnosis, assuming that once patients were cor-
rectly diagnosed, they completed treatment successfully.

The model adhered to the WHO definitions of TB 
detailed in Additional file 2: Table S1 [2, 16]. Treatment 
regimens were assigned according to South African and 
WHO guidelines [2, 15–17]. Pre-extensively drug-resist-
ant TB (pre-XDR-TB) cases received bedaquiline, preto-
manid, and linezolid (BPaL); MDR/RR-TB cases received 
bedaquiline, pretomanid, linezolid, and moxifloxacin 
(BPaLM); INH-resistant TB (INHR-TB) cases received 
rifampicin, ethambutol, pyrazinamide, and levofloxacin; 
and drug-susceptible TB (DS-TB) cases received a stand-
ard first-line regimen consisting of an intensive phase of 
two months with rifampicin, isoniazid, pyrazinamide, 
and ethambutol, followed by a four-month continuation 
phase with rifampicin and isoniazid.

In the pDST-only strategy, patients were tested using 
culture-based methods [3]. All patients initially received 
first-line treatment, which was subsequently adjusted 

based on pDST results. In the rapid molecular test strat-
egies, sputum samples were tested using the respective 
assays: LPAs included GenoType MTBDRplus (for RIF 
and INH) and MTBDRsl (for FQ); Xpert and Xpert Ultra 
detected RIF resistance, followed by Xpert XDR for INH 
and FQ resistance; and tNGS (Deeplex Myc-TB) simulta-
neously detected resistance to RIF, INH, and FQ. Patients 
with positive results received early treatment, while 
those with false-negative results received inappropriate 
regimens.

For combination strategies, sputum samples were 
tested in parallel using rapid molecular assays and pDST. 
Rapid test results guided initial treatment decisions, with 
pDST results used for confirmation and adjustment. 
Patients with false-negative molecular results received 
late treatment upon pDST confirmation, while those with 
false-positive results received unnecessary second-line 
treatment until pDST ruled out resistance, after which 
treatment was reverted to first-line regimens.

Clinical inputs
All model input parameters are detailed in Table  1 and 
Additional file  2:Table  S2. A comprehensive literature 
search was conducted using Medline (2000–2024), pub-
licly available data from the WHO, and reports from 
the South African Department of Health. Search terms 
included “tuberculosis,” “drug-resistant tuberculosis,” 
“diagnosis,” “testing,” “phenotypic drug susceptibility test-
ing,” “rapid molecular assays,” “line probe assays,” “Xpert 
MTB/RIF,” “Xpert MTB/RIF Ultra,” “Xpert MTB/XDR,” 
and “targeted next-generation sequencing.” Studies were 
selected based on the following criteria: (1) published in 
English, (2) involving adult patients with microbiologi-
cally confirmed TB, and (3) reporting diagnostic perfor-
mance or treatment outcomes. Systematic reviews and 
meta-analyses were prioritized. Where multiple sources 
were available, base-case values were calculated as 

Fig. 1  Simplified schematic of the decision–analytic model used to simulate diagnostic pathways, treatment outcomes, and cost-effectiveness 
for TB patients
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Table 1  Model input parameters

Parameters Base-case value Range for 
sensitivity 
analysis

Distribution Reference

Clinical inputs

Prevalence/proportion

  MDR/RR-TB 7.50% 2.80–20.72% Beta [18, 19]

  RIF-resistant INH-susceptible TB 17.19% 1.70–37.00% Beta [18, 20, 21]

  INH-resistant RIF-susceptible TB (INHR-TB) 9.30% 7.40–17.70% Beta [20, 21]

  FQ-resistant TB 10.92% 4.90–20.10% Beta [1, 18]

Sensitivity to drug resistance

  Xpert for RIF 95.65% 90.00–98.10% Beta [22, 23]

  Xpert Ultra for RIF 94.50% 87.00–97.90% Beta [22, 23]

  LPA for RIF 96.35% 95.00–97.50% Beta [11, 12]

  LPA for INH 90.60% 88.20–93.00% Beta [11, 12]

  LPA for FQ 86.20% 79.20–93.00% Beta [3]

  Xpert XDR for INH 94.20% 87.50–97.40% Beta [3, 10]

  Xpert XDR for FQ 93.15% 88.10–96.20% Beta [3, 10]

  tNGS for RIF 98.70% 97.20–100.00% Beta [3]

  tNGS for INH 95.80% 92.80–98.70% Beta [3]

  tNGS for FQ 95.60% 92.40–98.70% Beta [3]

Specificity to drug resistance

  Xpert for RIF 98.40% 97.20–99.60% Beta [22, 23]

  Xpert Ultra for RIF 99.05% 97.70–100.00% Beta [22, 23]

  LPA for RIF 98.90% 98.00–99.20% Beta [11, 12]

  LPA for INH 99.10% 98.00–99.50% Beta [11, 12]

  LPA for FQ 98.60% 95.70–99.50% Beta [3]

  Xpert XDR for INH 98.25% 92.60–99.70% Beta [3, 10]

  Xpert XDR for FQ 98.15% 90.80–99.60% Beta [3, 10]

  tNGS for RIF 81.00% 69.50–92.50% Beta [3]

  tNGS for INH 97.00% 95.10–98.90% Beta [3]

  tNGS for FQ 96.30% 93.20–99.50% Beta [3]

Clinical outcomes

  Mortality rate among DS-TB patients 8.61% 6.89–10.33% Beta [24, 25]

  Mortality rate among MDR/RR-TB patients without FQ resistance 13.46% 10.77–16.15% Beta [26]

  Mortality rate among MDR/RR-TB patients with FQ resistance 16.79% 13.43–20.19% Beta [26]

  Mortality rate from TB without appropriate treatment 50.00% 40.00–60.00% Beta [1, 25]

  HR of mortality with late TB treatment 1.53 1.07–2.96 Lognormal [27, 28]

Utility inputs

Utility

  DS-TB/INHR-TB treatment 0.69 0.57–0.77 Triangular [36, 37]

  MDR/RR-TB treatment 0.51 0.39–0.73 Triangular [36, 37]

Age-specific utility [35]

  18–65 years 0.92 —

  > 65 years 0.84 —

TB patient age (years) 35 23–51 Triangular [34]

Cost inputs (USD)

Cost per test

  pDST 62 47–86 Gamma [40, 43, 46]

  LPAs 55 43–70 Gamma [40, 42–44]

  Xpert 34 27–40 Gamma [40, 42, 43]

  Xpert Ultra 34 27–40 Gamma [40, 42–44]
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weighted averages, and sensitivity analysis ranges were 
derived from the upper and lower bounds of the reported 
data.

The estimated prevalence of RR-TB among TB patients 
in South Africa was 7.50%, based on national surveillance 
data and retrospective analyses [18, 19]. The proportion 
of INH-susceptible RR-TB was 17.19%, while INH-resist-
ant rifampicin-susceptible TB (INHR-TB) accounted for 
9.30% of cases [18, 20, 21]. FQ resistance among MDR/
RR-TB patients was estimated at 10.92% [1, 18].

Diagnostic accuracy parameters for the Xpert and 
Xpert Ultra assays in detecting RIF resistance were 
obtained from two large systematic reviews involving 
3,500 and 42,091 participants [22, 23]. The sensitivity and 
specificity of LPAs for detecting RIF and INH resistance 
were derived from meta-analyses comprising 21,225 and 
182,448 samples [11, 12], while FQ resistance detection 
was based on a separate meta-analysis of 1,771 partici-
pants [3].

For the Xpert XDR assay, sensitivity and specificity val-
ues for INH and FQ resistance were extracted from sys-
tematic reviews of multinational studies involving 1,605 
and 1,228 participants, respectively [3, 10]. Diagnostic 
performance data for tNGS were obtained from a sys-
tematic review of 12 studies encompassing 1,440 partici-
pants [3].

Mortality rates were estimated at 8.61% for DS-TB, 
13.46% for MDR/RR-TB without FQ resistance, and 
16.79% for MDR/RR-TB with FQ resistance, based on 
national reports and cohort studies in South Africa [24–
26]. A 50% mortality rate was assumed for patients who 
did not receive appropriate treatment, in line with WHO 

data and retrospective analyses [1, 25]. A hazard ratio 
(HR) for mortality associated with late versus early treat-
ment was estimated at 1.53 (95% CI: 1.07–2.96), based 
on multinational cohort studies reporting annualized HR 
estimates [27–29].

Health utility inputs
The effectiveness of each diagnostic strategy was assessed 
using TB-related DALYs, which quantify the burden 
of disease by combining years of healthy life lost due to 
morbidity-related disability and premature mortality [30, 
31]. DALYs attributable to TB morbidity among surviving 
patients were estimated based on the duration spent in 
the TB disease state and the corresponding loss in health 
utility. This utility loss was calculated as the difference 
between the utility value associated with the TB state 
and the age-specific utility of a healthy individual. DALYs 
resulting from TB-related mortality were estimated using 
age-specific health utility values and the number of life-
years lost due to premature death [30, 31].

Age-specific life expectancy data were obtained from 
WHO life tables for South Africa [32]. The base-case age 
of TB patients was set at 35 years, based on clinical tri-
als and retrospective cohort studies conducted in South 
Africa [33, 34]. According to WHO data, the remain-
ing life expectancy for a 35-year-old in South Africa is 
approximately 36  years [32]. Age-specific health utility 
values were derived from published studies on health-
related quality of life [35].

Due to the absence of South Africa-specific util-
ity data, base-case utility values for DS-TB and DR-TB 
treatment were sourced from systematic reviews and 

Table 1  (continued)

Parameters Base-case value Range for 
sensitivity 
analysis

Distribution Reference

  Xpert XDR 41 34–47 Gamma [40, 42–44]

  tNGS 157 118–257 Gamma [3, 48]

Cost per case

  DS-TB treatment 467 327–560 Gamma [54], Additional file 2: Table S2

  INHR-TB treatment 486 389–583 Gamma [54], Additional file 2: Table S2

  MDR/RR-TB with FQ-resistant TB treatment 1,742 1394–2,090 Gamma [54], Additional file 2: Table S2

  MDR/RR-TB with FQ-susceptible TB treatment 1,773 1,418–2,128 Gamma [54], Additional file 2: Table S2

  MDR/RR-TB with longer individualized treatment 4,098 3,278–4,918 Gamma [54], Additional file 2: Table S2

  TB-related mortality 5,722 4,933–6,843 Gamma [43, 46]

Summary of clinical, diagnostic, utility, and cost parameters used in the decision-analytic model, including base-case values, sensitivity ranges, probability 
distributions, and references. These inputs were derived from systematic reviews, national surveillance data, WHO reports, and cost-analysis studies. Where multiple 
sources were available, base-case values were calculated as weighted averages, and sensitivity ranges were defined by the upper and lower bounds of reported data. 
Distributions are provided for probabilistic analysis. DS-TB: drug-susceptible tuberculosis; FQ: fluoroquinolone; HR: hazard ratio; INH: isoniazid; INHR-TB: isoniazid-
resistant tuberculosis; LPAs: line probe assays; MDR/RR-TB: multidrug-resistant or rifampicin-resistant; tNGS: targeted next-generation sequencing; pDST: phenotypic 
drug susceptibility testing; RIF: rifampicin; TB: tuberculosis; Xpert: Xpert MTB/RIF; Xpert Ultra: Xpert MTB/RIF Ultra; Xpert XDR: Xpert MTB/XDR. LPAs include GenoType 
MTBDR plus (RIF and INH) and GenoType MTBDRs (FQs), whereas the tNGS evaluated in this study is Deeplex Myc-TB. The treatment of MDRR/RR, with or without FQ 
resistance, followed the current WHO-recommended priority regimen of a shorter oral course
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cross-sectional studies [36, 37]. These studies used stand-
ardized EQ-5D methods and included large patient 
cohorts. In the absence of local data, it is acceptable to 
transfer and adopt health state valuations (utilities) from 
other settings after adjustment for appropriate national 
value sets, such as age-specific life expectancy [38, 39].

To account for the time value of health benefits, DALYs 
associated with TB-related mortality were discounted to 
the year 2024 at an annual rate of 3%.

Cost inputs
The cost analysis was conducted from the perspective of 
healthcare providers in South Africa. Key cost compo-
nents included diagnostic testing (pDST, LPAs, Xpert, 
Xpert Ultra, Xpert XDR, and tNGS), TB treatment, and 
TB-related mortality. Treatment costs were stratified by 
resistance profile (DS-TB, INHR-TB, and MDR/RR-TB 
with or without FQ resistance) and calculated based on 
the diagnostic outcome.

Diagnostic accuracy determined the treatment path-
way: accurate results led to appropriate early treatment, 
while false-negative results incurred costs from both 
initial inappropriate and later corrected regimens. False-
positive results led to unnecessary second-line treat-
ment until pDST confirmation. These treatment costs 
were included in the total direct medical costs for each 
strategy.

Cost parameters were sourced from peer-reviewed lit-
erature, the Stop TB Partnership diagnostic and medi-
cines catalogs, and publicly available data from the South 
African Department of Health (Table  1). The unit costs 
of the diagnostic tests included consumables, equipment, 
staffing, and overhead costs (where available). Per-test 
costs of pDST, LPA, Xpert, Xpert Ultra, and Xpert XDR 
were derived from the Stop TB Partnership’s diagnostic 
products catalog and cost-analyses studies on TB diag-
nostics in South Africa [40–47]. The cost of tNGS was 
estimated using data from an empirical cost analysis and 
a feasibility study evaluating its implementation in the 
South African context [3, 48].

Treatment costs per TB case included outpatient clinic 
visits, drug regimens, imaging (e.g., electrocardiograms, 
chest X-rays, audiograms), and laboratory investigations 
(e.g., smear microscopy, culture, liver, renal, and thyroid 
function tests, electrolytes, complete blood count, and 
HIV screening), as detailed in Additional file 2:Table S2 
[40–43, 46, 47, 49–53]. Drug regimen costs were obtained 
from the Stop TB Partnership Medicines Catalog [54], 
while clinical service costs were aligned with national and 
WHO guidelines for TB treatment [2, 15].

TB-related mortality costs were estimated based on 
inpatient treatment cost analyses conducted in South 
Africa [43, 46, 55]. All cost estimates were adjusted to 

2024 U.S. dollar values using an exchange rate of USD 
1.00 = ZAR 18.733 [56] and the South African Consumer 
Price Index (CPI) for health services, where applicable 
[57].

Cost‑effectiveness, sensitivity, and scenario analyses
All analyses were conducted using TreeAge Pro 2024 
(TreeAge Software Inc., Williamstown, MA, USA) and 
Excel 365 (Microsoft Corporation, Redmond, WA, USA). 
Diagnostic strategies were compared incrementally, with 
the incremental cost-effectiveness ratio (ICER) calculated 
as the change in cost divided by the change in DALYs 
averted (ICER = ∆Cost/∆DALYs). Strategies were con-
sidered dominated and excluded from further analysis 
if they resulted in higher DALYs at a higher cost or had 
an ICER greater than that of a more effective alterna-
tive. After eliminating dominated strategies, ICERs were 
recalculated for the remaining options relative to the next 
less costly strategy.

A strategy was deemed cost-effective if it resulted in 
lower DALYs at a lower cost or if it achieved lower DALYs 
at a higher cost with an ICER below the willingness-to-
pay (WTP) threshold [58, 59]. According to WHO guide-
lines, an intervention is considered highly cost-effective if 
its ICER is below the gross domestic product (GDP) per 
capita, cost-effective if the ICER falls between one and 
three times the GDP per capita, and not cost-effective if 
it exceeds three times the GDP per capita [60]. For this 
study, South Africa’s GDP per capita in 2022 (USD 6767) 
was used as the primary WTP threshold, with a range of 
USD 6767 to USD 20,301 applied to evaluate cost-effec-
tiveness [3].

One-way sensitivity analyses were performed for all 
model parameters using the ranges specified in Table 1. 
These ranges were based on 95% confidence intervals 
or the high and low values reported in the literature. 
Where such data were unavailable, a ± 20% variation from 
the base-case value was applied. This analysis assessed 
the robustness of the base-case findings and identified 
influential parameters affecting the ICER, which were 
visualized using tornado diagrams. Threshold analyses 
were also conducted by varying key parameters across 
extended ranges to determine the conditions under 
which a diagnostic strategy would become cost-effective.

Probabilistic sensitivity analysis was performed using 
Monte Carlo simulation with 10,000 iterations. In each 
iteration, model input values were randomly sampled 
from their respective probability distributions to capture 
joint uncertainty. The resulting incremental costs and 
DALYs averted were summarized with 95% confidence 
intervals and visualized using scatterplots. Cost-effec-
tiveness acceptability curves (CEACs) were generated to 
estimate the probability of each strategy being accepted 
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as cost-effective across a range of WTP thresholds, from 
USD 0 to USD 20,301 per DALY averted [60, 61]. This 
range includes both the traditional 1–3 × GDP per capita 
thresholds and a locally derived benchmark of approxi-
mately USD 3015 per DALY averted, based on estimates 
by Edoka et al. [62].

Two scenario analyses were conducted to evaluate the 
robustness and policy relevance of our findings.

First, diagnostic replacement scenario analysis assessed 
the feasibility of replacing pDST with rapid molecular 
diagnostics, in light of recent WHO recommendations 
[3] that conditionally support the use of rapid molecu-
lar tests when parallel phenotypic and genotypic testing 
is not feasible. Five diagnostic strategies were compared: 
pDST alone, LPA, ‘Xpert followed by Xpert XDR’, ‘Xpert 
Ultra followed by Xpert XDR’, and tNGS.

Second, the extended time horizon scenario analy-
sis evaluated the impact of extending the model time 
horizon from 1 to 2  years, reflecting the longer treat-
ment duration for patients receiving the individualized 
18-month regimen per South Africa’s 2023 DR-TB guide-
lines [15]. Approximately 30% of DR-TB patients were 
assumed to receive this regimen [63, 64]. All cost and 
health outcome inputs—including treatment costs and 
DALYs—were adjusted accordingly. ICERs were recal-
culated for each strategy, and sensitivity analysis was 
performed to assess consistency in cost-effectiveness 
rankings across time horizons.

Results
Base‑case analysis
Among the nine diagnostic strategies evaluated, five were 
dominated and excluded from further cost-effectiveness 
analysis (Table  2 (a-b)). The remaining four non-dom-
inated strategies were: ‘LPA alone’, ‘LPA combined with 
pDST’, ‘Xpert followed by Xpert XDR combined with 
pDST’, and ‘tNGS combined with pDST’. The expected 
costs and DALYs averted for all testing strategies are 
depicted in Additional file 2: Fig. S1.

Compared to ‘LPA alone’, the ‘LPA + pDST’ strat-
egy averted 0.0843 DALYs at an additional cost of USD 
38, resulting in an ICER of USD 447 per DALY averted. 
When compared with ‘LPA + pDST’, the ‘Xpert followed 
by Xpert XDR + pDST’ strategy averted 0.0034 DALYs 
at an incremental cost of USD 22, yielding an ICER of 
USD 6,554 per DALY averted—below South Africa’s 
GDP per capita threshold. This makes ‘Xpert followed 
by Xpert XDR + pDST’ the preferred cost-effective strat-
egy. Although the ‘tNGS + pDST’ strategy achieved the 
lowest DALYs (1.9877), the highest early treatment rate 
(995.54 per 1000 tested), and the lowest TB-related mor-
tality (90.22 per 1,000 tested), its ICER of USD 25,918 per 

DALY averted exceeded three times South Africa’s GDP 
per capita, rendering it not cost-effective.

One‑way sensitivity analysis
One-way sensitivity analysis revealed 40 threshold 
parameters that could alter the base-case findings across 
WTP thresholds of 1–3 × GDP per capita (Additional 
file 2:Table S3). Over half of these parameters influenced 
outcomes at the one-time GDP threshold. Variations in 
these parameters increased the likelihood of three strate-
gies emerging as cost-effective: ‘LPA + pDST’, ‘Xpert Ultra 
followed by Xpert XDR + pDST’, and ‘tNGS + pDST’. 
Notably, ‘LPA + pDST’ emerged as the preferred strategy 
under 25 of the 40 threshold variations.

The top 10 influential parameters affecting ICERs are 
illustrated in the tornado diagrams (Fig. 2a–c). The com-
parison between ‘Xpert followed by Xpert XDR + pDST’ 
and ‘LPA + pDST’ was most sensitive to the sensitivity of 
Xpert XDR for INH resistance, the sensitivity of Xpert 
for RIF resistance, and HR for mortality associated with 
late TB treatment. Extended sensitivity analysis showed 
that ‘tNGS + pDST’ became cost-effective when the HR 
for late treatment (base-case = 1.53) exceeded 1.69, 2.02, 
and 3.02 at WTP thresholds of 3 ×, 2 ×, and 1 × GDP per 
capita, respectively (Additional file 2:Fig. S2).

Probabilistic sensitivity analysis (PSA)
PSA was conducted using 10,000 Monte Carlo simula-
tions. Scatter plots (Fig. 3a–c) illustrate the incremental 
cost and DALYs averted for each undominated strategy 
compared to the next less costly alternative.

Compared to ‘LPA alone’, ‘LPA + pDST’ incurred an 
incremental cost of USD 38 (95% CI: USD 37–39) and 
averted 0.0833 DALYs (95% CI: 0.0830–0.0837), with 
99.92% of simulations showing ICERs below the GDP 
per capita threshold (cost-saving in 28.79% of simula-
tions and incurred higher costs in 71.13%). Compared 
to ‘LPA + pDST’, ‘Xpert followed by Xpert XDR + pDST’ 
averted 0.0039 DALYs (95% CI: 0.0035–0.0042) at an 
additional cost of USD 21 (95% CI: USD 20–23), and 
was cost-saving in 33.31% of simulations. It was identi-
fied as cost-effective in 50.77% of simulations at the GDP 
per capita threshold and in 71.61% at 3 × GDP per cap-
ita. Compared to ‘Xpert followed by Xpert XDR + pDST’, 
‘tNGS + pDST’ averted 0.0070 DALYs (95% CI: 0.0064–
0.0077) at an incremental cost of USD 154 (95% CI: USD 
150–157), and was cost-effective in 29.14% and 50.36% of 
simulations at 1 × and 3 × GDP, respectively.

CEACs (Fig.  4) demonstrated that ‘LPA + pDST’ had 
the highest probability of being cost-effective at WTP 
thresholds between USD 237.5 and USD 7,887.5 per 
DALY averted, peaking at 28.95% at the GDP per capita. 
At the locally derived WTP threshold of USD 3,015 per 
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Fig. 2  Tornado diagram of influential factors identified in one-way sensitivity analysis of the ICERs of a ‘LPAs + pDST’ versus LPA, b ‘Xpert followed 
by Xpert XDR + pDST’ versus ‘LPAs + pDST’, and c ‘tNGS + pDST’ versus ‘Xpert followed by Xpert XDR + pDST’
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DALY averted, the ‘LPA + pDST’ strategy had an accept-
ance probability of 36.35%. ‘Xpert followed by Xpert 
XDR + pDST’ became the preferred strategy between 
USD 7,887.5 and USD 10,500, while ‘tNGS + pDST’ had 
the highest probability of being cost-effective above USD 
10,500, reaching over 45% at 3 × GDP per capita (USD 
20,301).

Scenario analysis
Diagnostic replacement scenario analysis
This scenario compared five diagnostic strategies to 
evaluate the feasibility of replacing pDST with rapid 

molecular diagnostics. The results showed that tNGS 
alone could be a viable alternative when pDST is una-
vailable, with an ICER of USD 1,712 per DALY averted—
below South Africa’s GDP per capita threshold. These 
findings support the conditional WHO recommendation 
for molecular diagnostics in settings where phenotypic 
testing is not feasible (Additional file  2:Appendix S1, 
Tables S4–S5, Figs. S3–S5).

Extended time horizon scenario analysis
Extending the model horizon to 2 years increased absolute 
costs and DALYs across all strategies. However, the relative 

Fig. 3  Scatter plot of the incremental cost against DALY averted by a ‘LPAs + pDST’ versus LPAs, b ‘Xpert followed by Xpert XDR + pDST’ 
versus ‘LPAs + pDST’, and c ‘tNGS + pDST’ versus ‘Xpert followed by Xpert XDR + pDST’ in 10,000 Monte Carlo simulations



Page 11 of 16Fekadu et al. BMC Medicine          (2026) 24:152 	

cost-effectiveness rankings remained unchanged. The’Xpert 
followed by Xpert XDR + pDST’ strategy remained the pre-
ferred cost-effective option (ICER = USD 6,736/DALY),  
while’tNGS + pDST’ remained not cost-effective (ICER =  
USD 29,950/DALY). Probabilistic sensitivity analysis con-
firmed these findings, with low acceptance probabilities 
for tNGS even at higher WTP thresholds (Additional 
file 2:Appendix S1, Tables S6–S7, Figs. S6–S8).

Discussion
This study evaluated the cost-effectiveness of rapid 
molecular assays, with or without pDST, for detecting 
DR-TB in a high-burden setting. The base-case analysis 
revealed that the combination of Xpert MTB/RIF fol-
lowed by Xpert MTB/XDR with pDST was the preferred 
cost-effective strategy, with an ICER of USD 6,554 per 
DALY averted—below South Africa’s GDP per capita 
threshold. Although tNGS + pDST yielded the greatest 
health benefits—including the lowest DALYs (1.9877), 
highest early treatment initiation rate (995.54 per 1,000 
tested), and lowest TB-related mortality (90.22 per 1,000 
tested)—its ICER of USD 25,918 per DALY averted 
exceeded three times the GDP per capita, rendering it 
not cost-effective under WTP assumptions.

To address concerns about the short time horizon, a 
two-year scenario analysis was conducted. While abso-
lute costs and DALYs increased across all strategies, the 
relative cost-effectiveness rankings remained unchanged, 
confirming the robustness of the base-case findings. The 

extended horizon reinforced that the diagnostic impact 
on early treatment initiation and mortality risk is most 
critical within the first year, validating the use of a one-
year horizon for short-term diagnostic evaluations.

Sensitivity analyses highlighted the influence of key 
diagnostic and clinical parameters. One-way sensitivity 
analysis identified 40 threshold parameters that could 
alter the base-case findings. The most influential factors 
for the ‘Xpert followed by Xpert XDR + pDST’ strategy 
were the sensitivity of Xpert XDR for INH resistance, 
the sensitivity of Xpert for RIF resistance, and the HR for 
mortality associated with delayed treatment. The HR for 
late treatment (base-case: 1.53) had a particularly strong 
impact on the ICER of the tNGS + pDST strategy, given 
its role in reducing DALYs through earlier treatment ini-
tiation. PSA confirmed that tNGS + pDST had the high-
est probability of being cost-effective when the WTP 
threshold exceeded USD 10,500 per DALY averted.

To further assess the policy relevance and feasibil-
ity of diagnostic strategies in resource-constrained set-
tings, we conducted a diagnostic replacement scenario 
analysis. This scenario was designed to reflect real-world 
conditions where concurrent phenotypic and molecular 
testing may not be feasible, as acknowledged in recent 
WHO recommendations [3]. The results demonstrated 
that tNGS alone could serve as a viable and cost-effec-
tive alternative when pDST is unavailable, with an ICER 
of USD 1,712 per DALY averted—below South Africa’s 
GDP per capita threshold. Within this framework, Xpert 

Fig. 4  Cost-effectiveness acceptability curves showing the probability of each diagnostic strategy for RIF, INH, and FQ resistance detection being 
cost-effective across a range of WTP thresholds
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followed by Xpert XDR remained a less costly and highly 
effective option, offering a practical balance between 
diagnostic yield and affordability. These findings sup-
port the conditional use of molecular diagnostics as stan-
dalone tools in resource-limited settings and highlight 
the potential of tNGS for broader implementation where 
laboratory infrastructure is constrained.

Previous economic evaluations of rapid molecu-
lar diagnostics in high-burden settings have primarily 
focused on Xpert and LPAs compared to pDST [47, 65, 
66]. Cost analysis studies in India, Moldova, and South 
Africa reported that LPAs were faster but more expen-
sive than pDST [47], while in China, LPAs were signifi-
cantly more affordable [65]. In Brazil, Xpert was found to 
be the least costly and most efficient option, making it a 
dominant strategy [66]. A WHO-commissioned analy-
sis of tNGS as an initial DST for all TB-confirmed cases 
in Georgia, India, and South Africa found it to be cost-
effective in Georgia alone (ICER = USD 9,261 per DALY) 
at three times the GDP per capita threshold [3]. However, 
that study did not account for the impact of early treat-
ment initiation or compare multiple diagnostic strate-
gies. In contrast, our scenario analysis incorporated early 
treatment effects and demonstrated that tNGS could be a 
cost-effective replacement for pDST.

Our inclusion of pDST-alone and combination strate-
gies reflects both historical benchmarks and real-world 
diagnostic pathways. While pDST-alone is not policy-rel-
evant in South Africa, it serves as a theoretical baseline 
to assess the added value of molecular diagnostics. The 
combination strategies model the stepped approach rec-
ommended by WHO, where molecular tests are used for 
initial screening and pDST is applied for confirmation or 
further resistance profiling [3]. This is particularly impor-
tant for drugs not covered by molecular assays and for 
managing complex resistance patterns. This comprehen-
sive framework allows evaluation of whether the opera-
tional advantages of molecular-only strategies outweigh 
the broader resistance profiling offered by combined 
approaches in high-burden settings.

While we used the 1–3 × GDP per capita thresholds for 
comparability with global health economic evaluations, 
we also considered a locally derived WTP threshold 
from Edoka et al. [62], estimated at USD 3,015 per DALY 
averted. This alternative benchmark provides a more 
context-specific lens for interpreting cost-effectiveness in 
South Africa. At this threshold, the ‘LPA + pDST’ strategy 
had the highest probability of acceptance, while ‘Xpert 
followed by Xpert XDR + pDST’ became more favorable 
as the WTP increased.

Compared to pDST, rapid molecular tests offer faster 
turnaround, improved accessibility, and fewer biosafety 
concerns. These advantages facilitate the timely initiation 

of appropriate treatment, improving clinical outcomes 
and potentially reducing the burden of ineffective ther-
apy, adverse drug reactions, and further resistance devel-
opment [3, 9]. However, limitations such as incomplete 
resistance detection, false-negative results, and higher 
implementation costs must be considered [3]. Nota-
bly, tNGS’s relatively lower specificity for RIF resistance 
(81%) may lead to false-positive results and overtreat-
ment, as it can detect mutations of uncertain significance 
not confirmed by pDST [3].

From a health economics perspective, integrating rapid 
molecular assays with pDST represents a complementary 
and cost-effective strategy for enhancing DR-TB diagno-
sis. This approach can improve case detection, expedite 
treatment initiation, reduce inappropriate therapy costs, 
and enable personalized treatment plans. This synergistic 
approach leverages the strengths of both molecular and 
phenotypic testing, offering comprehensive resistance 
profiling and improved diagnostic accuracy. In South 
Africa, the GeneXpert system remains the cornerstone 
of TB diagnosis [15, 48]. When RIF resistance is detected 
via Xpert or Xpert Ultra, the same sample is automati-
cally tested with Xpert XDR for additional resistance 
markers. Culture confirmation and pDST follow thereaf-
ter [15, 48].

Despite its advantages, widespread adoption of tNGS 
faces challenges, including technical complexity, infra-
structure requirements, supply chain limitations, and 
higher upfront costs [67]. These barriers may hinder 
its feasibility in resource-limited settings. However, as 
tNGS technology matures and scales, reductions in cost 
and improvements in turnaround time are anticipated. 
These advancements may enhance the cost-effectiveness 
of tNGS-based strategies, particularly in decentralized 
or low-resource environments. Periodic re-evaluation of 
tNGS is warranted as the technology landscape evolves.

Although combining tNGS with pDST improved resist-
ance detection and facilitated earlier treatment, it did 
not reduce resource utilization compared to the Xpert-
based strategy [48]. The decision-analytic model devel-
oped in this study is adaptable for use in other settings. 
By incorporating region-specific clinical and economic 
inputs, policymakers and clinicians can tailor the model 
to optimize resource allocation for DR-TB diagnosis. Fur-
thermore, the framework allows for updates as new diag-
nostic assays with varying performance characteristics 
become available, guiding future research and develop-
ment in diagnostic pathology and clinical chemistry.

Strengths and limitations of the study
A key strength of this study lies in its comprehensive 
evaluation of multiple diagnostic strategies for detect-
ing DR-TB, enabling the identification of optimal and 
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cost-effective approaches across a range of clinical 
and policy-relevant scenarios. The inclusion of both 
molecular-only and combination strategies, as well as 
a diagnostic replacement scenario, allows for nuanced 
comparisons that reflect real-world implementation 
pathways.

The diagnostic accuracy estimates were derived from 
systematic reviews and meta-analyses of recent evidence, 
ensuring methodological rigor. The model also integrated 
probability estimates, cost inputs, and epidemiological 
data specific to South Africa, enhancing contextual rel-
evance and applicability. This alignment with national TB 
guidelines and WHO recommendations strengthens the 
policy relevance of the findings and supports their poten-
tial utility in informing strategic decisions in high-burden 
settings.

Furthermore, the study employed extensive sensitivity 
and scenario analyses to explore uncertainty and test the 
robustness of results under varying assumptions. These 
analyses included both global and locally derived WTP 
thresholds, providing a more context-specific lens for 
interpreting cost-effectiveness in South Africa.

This study has several limitations that should be con-
sidered when interpreting the findings.

First, the analysis was conducted from the healthcare 
system perspective and did not account for broader soci-
etal costs, such as out-of-pocket expenses incurred by 
patients or indirect costs related to productivity losses. 
Additionally, infrastructure and operational costs asso-
ciated with implementing advanced diagnostics—such 
as the GeneXpert platform and NGS—were excluded. 
These omissions may lead to an underestimation of the 
true economic and implementation impact of the evalu-
ated strategies, particularly in resource-limited settings.

Second, the model focused exclusively on bacteriologi-
cally confirmed general TB patients and did not include 
special populations such as individuals living with HIV, 
who may derive greater benefit from specific diagnostics 
like Xpert Ultra and Xpert XDR due to the high HIV/
MDR-TB co-infection burden in South Africa. Moreover, 
the model did not incorporate LTFU or adverse events, 
which are important factors influencing treatment effec-
tiveness and costs. Excluding these factors may under-
estimate the real-world benefits of rapid diagnostics, 
especially in settings where treatment adherence and 
adverse drug reactions significantly affect outcomes.

Third, the model assumed ideal test completion rates 
and did not explicitly account for test failure or incom-
plete diagnostic yield. Assays such as pDST, second-
line LPAs, and tNGS may not produce results in all 
cases due to culture requirements or low bacterial load. 
While sensitivity analyses explored variability in test 

performance, future models should incorporate test 
feasibility more explicitly to better reflect real-world 
implementation challenges.

Fourth, the model assumed a constant HR for mortal-
ity associated with late treatment initiation. While this 
simplification was necessary due to the decision tree 
structure and the lack of time-specific data, it may not 
fully capture the dynamic nature of TB progression and 
treatment delays. Similarly, the use of a one-year time 
horizon may truncate the long-term benefits of strate-
gies that reduce mortality, potentially underestimating 
the cost-effectiveness of highly sensitive diagnostics 
such as tNGS. However, the extended two-year horizon 
scenario analysis supports the robustness of the find-
ings. Future studies employing lifetime horizons and 
time-dependent models could provide a more compre-
hensive assessment.

Fifth, the model did not incorporate TB transmis-
sion dynamics, which likely underestimates the pop-
ulation-level benefits and cost-effectiveness of faster, 
more sensitive diagnostic strategies such as tNGS and 
Xpert-based algorithms. These diagnostics can reduce 
community transmission through earlier initiation of 
appropriate treatment. Future modeling efforts should 
incorporate transmission dynamics to better capture 
the broader public health impact of rapid diagnostics, 
particularly in high-burden settings.

Sixth, due to the absence of South Africa-specific TB 
treatment utility data, health utility values were adapted 
from Thai studies and adjusted using South Africa’s 
age-specific life expectancy. While this approach 
introduces uncertainty, sensitivity analyses confirmed 
minimal impact on ICER rankings, suggesting that the 
base-case results are robust. Nonetheless, future stud-
ies should consider collecting country-specific utility 
data to improve precision in DALY estimation.

Finally, the absence of an officially endorsed WTP 
threshold in South Africa introduces uncertainty in 
interpreting cost-effectiveness results. While the study 
applied the widely used 1–3 × GDP per capita rule, it 
also considered a locally derived threshold. Conse-
quently, the comparative ranking of strategies is robust 
within our parameter ranges, but budget impact and 
population effects may differ in programmatic settings 
with varying HIV prevalence, test completion rates, 
and infrastructure constraints. Future research should 
aim to establish context-specific WTP benchmarks to 
guide national decision-making more accurately. Addi-
tionally, future studies should prioritize collaborative 
partnerships with South African researchers, clinicians, 
and program managers to enhance local relevance and 
impact.
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Conclusions
This study demonstrates that the combined use of rapid 
molecular diagnostics—specifically Xpert MTB/RIF fol-
lowed by Xpert MTB/XDR—alongside confirmatory 
pDST is the preferred cost-effective strategy for detect-
ing DR-TB in high-burden settings such as South Africa. 
This approach offers a favorable balance between diag-
nostic accuracy, early treatment initiation, and economic 
efficiency, with ICER below the national GDP per capita 
threshold.

Although tNGS combined with pDST yielded the 
greatest health benefits in terms of DALYs averted and 
mortality reduction, its higher cost rendered it not cost-
effective under standard WTP thresholds. However, sce-
nario analysis revealed that tNGS alone may serve as a 
viable and cost-effective alternative when pDST is una-
vailable or infeasible, particularly in settings with limited 
laboratory capacity.

The inclusion of a two-year extended time horizon sce-
nario further confirmed the robustness of the base-case 
findings, demonstrating that the relative cost-effective-
ness rankings remained stable even when accounting for 
longer treatment durations. These results underscore the 
importance of early and accurate diagnosis in improving 
TB outcomes and optimizing resource allocation in high-
burden, resource-constrained environments.
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