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Abstract
Background  Tuberculosis (TB) is a global health challenge. Use of anti-TB drugs to treat TB is associated with 
high prevalence of side effects that include anti-TB drug induced liver injury (ATDILI). The aim of this study was to 
determine the incidence and associated clinical risk factors of ATDILI among South African patients on treatment for 
TB disease.

Methods  This was an ambispective case-control study of patients on treatment for TB disease receiving drug 
sensitive and drug resistant treatment regimens. The retrospective and prospective studies were done from January 
2021 to June 2024, involving a total of 610 patients on treatment for TB disease from whom 13 had ATDILI. From the 
retrospective and prospective cohorts, we extracted 13 ATDILI cases and 276 controls. Additionally, 44 severe ATDILI 
cases were directly recruited from the hospital to enrich the number of cases in the study. Prospective patients were 
followed for up to 6 months, while retrospective participants had a single visit with follow-up durations determined 
by their parent studies. Logistic regression analysis was performed to identify clinical and demographic factors 
associated with the development of ATDILI).

Results  In the studied cohorts, the incidence of ATDILI was 2.1% (13/610). The ATDILI cases and controls consisted 
of 215 (64.6%) male patients; 57 patients were diagnosed with hepatotoxicity, 44 from the hospitalized cohort,12 
from the retrospective cohort and 1 patient from the prospective cohort. The median time from the initiation of 
treatment to the onset of hepatotoxicity was approximately 30 days. Univariate logistic regression revealed significant 
differences (p < 0.05) in sex (p = 0.003), HIV status (p = 0.002), BMI (p = 0.038), hypertension (p = 0.047) smoking 
(p = 0.006), and alcohol consumption (p = 0.001) in relation to ATDILI. Multivariate analysis further revealed that female 
sex (p = 0.041), HIV status (0.022) and alcohol consumption (0.048) were independently associated with an increased 
risk of ATDILI.
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Background
 Tuberculosis (TB) is a global health challenge with an 
estimated 10.8 million people with TB in 2023, a slight 
increase from 10.7 million in 2022. South Africa, with an 
estimated annual incidence rate of 468 per 100,000 popu-
lation accounts for 3% of global patients with TB cases 
[1]. According to current World Health Organization 
(WHO) recommendations, first-line treatment of drug-
sensitive TB (TB sensitive to all first-line anti-TB drugs) 
is a combination regimen of four TB drugs with an initial 
intensive 2-month phase of isoniazid (INH), rifampicin 
(RIF), pyrazinamide (PZA), and ethambutol (EMB) fol-
lowed by a 4-month continuation phase of INH and RIF 
[1]. Current treatment regimens for drug-resistant TB 
range from 6 to 20 months, with longer durations used 
selectively but increasingly discouraged [2].

Despite the effectiveness against TB, this polychemo-
therapy may cause anti-TB drug-induced liver injury 
(ATDILI), estimated to occur in 3–36% of patients with 
drug-susceptible tuberculosis [3], often leading to early 
treatment withdrawal to allow recovery, prolonged treat-
ment duration, treatment failure, and selection of drug 
resistance [4]. ATDILI may result from direct toxicity of 
the primary compound, from a metabolite, or from an 
immunologically mediated response affecting hepato-
cytes, biliary epithelial cells and/or liver vasculature [4–
6]. The incidence of ATDILI when INH is combined with 
RIF appears higher than for INH alone, with addition 
of PZA the risk increases further by 3-fold [7]. Because 
mechanisms of ATDILI are poorly understood, ATDILI 
is difficult to predict and avoid [8]. Therapeutic responses 
to ATDILI requires temporary cessation of all TB treat-
ment for days to weeks with re-challenge of TB treatment 
once liver enzymes have normalized. This may result in 
re-escalation of liver enzymes warranting change in TB 
therapy. Changes in therapy are difficult as primary care 
clinics often do not stock alternative agents to the rou-
tine four-drug, fixed dose combination tablet for drug 
sensitive TB treatment. Should TB treatment be con-
tinued in the face of elevated liver enzymes, severe liver 
necrosis and death may result [5, 9]. Although predict-
ing in whom, and when ATDILI will occur is challenging, 
some patient characteristics increase risk. These risk fac-
tors include co-infection with Human Immunodeficiency 
Virus (HIV), hepatitis B/C, high alcohol intake, smok-
ing, advanced age, female sex, pre-existing chronic liver 

disease, malnutrition, and genetic factors [6, 10, 11]. Sev-
eral studies reported that advanced age as a potential risk 
factor for ATDILI [6, 10] but, a study in Ethiopia showed 
that the incidence of ATDILI was higher in younger 
patients [12]. Chronic alcohol intake is a predisposing 
factor for ATDILI [13].Some studies suggest that female 
sex is an independent predictor of ATDILI [14, 15]. How-
ever, a recent report suggested that males have a higher 
risk of developing ATDILI [3, 5, 10]. Pre-existing chronic 
liver disease and malnourishment have been associated 
with ATDILI [10, 16]. Differences in study design, study 
population, ATDLI definitions and monitoring practices 
restricts understanding of ATDILI.

In South Africa Costiniuk et al. reported ATDILI 
incidence of 12% in treatment re-challenge in HIV co-
infection with TB from 2005 to 2013 at King Edward 
VIII Hospital in Durban [17]. Although previous studies 
such as those by Costiniuk et al. have explored aspects 
of ATDILI in South African TB populations, data is lim-
ited on the combined incidence and detailed clinical risk 
factors using harmonized diagnostic criteria. Our ambi-
spective case-control study aims to address this gap. We 
therefore aim to determine the incidence and associated 
clinical risk factors of ATDILI among South African TB 
patients.

Methods
Study design
This was an exploratory, ambispective case-control 
study of patients on treatment for TB disease receiving 
drug-sensitive and drug-resistant treatment regimens. 
We recruited participants from the following four ret-
rospective studies: the India-South Africa collabora-
tion on pharmacokinetics in drug resistant TB patients 
(ISA-DRPK) [18], the Adjunctive Aspirin and Ibuprofen 
for tuberculosis (SMA-TB) [19], the Bedaquiline, Pre-
tomanid and Linezolid Clinical Access Program (BPAL) 
study [20] and Statin Adjunctive Therapy for TB (STAT-
TB) study [21]. Patients with TB who received access to 
the Bedaquiline–Pretomanid–Linezolid (BPaL) regimen 
in South Africa were primarily individuals with rifam-
picin-resistant TB (RR-TB). Controls were defined as 
patients receiving standard anti-TB therapy who did not 
develop ATDILI throughout the course of treatment, as 
evidenced by normal liver function test results on rou-
tinely scheduled testing and the absence of clinical signs 

Conclusions  The incidence of ATDILI in this study was 2.1%, lower than the previously reported range of 3–36% 
and highlights the need for standardized definitions of phenotypes across studies. In univariable analysis, female sex, 
HIV status, BMI, hypertension, smoking, and alcohol consumption were identified as potential risk factors for ATDILI. 
Among these, multivariable analysis suggested that female sex, HIV status and alcohol consumption were associated 
with an increased risk of developing ATDILI.
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of liver injury documented in their medical records. 
Patients with ATDILI and controls were harmonized 
across studies by applying the same ATDILI definition 
and the same exclusion criteria, and time points for liver 
enzyme evaluation relative to TB treatment initiation. 
Pharmacogenomics of hepatotoxicity in the treatment of 
drug sensitive and drug-resistant TB in Africans (PGx@
DILI) study recruited a prospective cohort of TB patients 
in Gauteng, and North West, provinces in South Africa. 
All participants who had laboratory confirmed TB were 
started on TB treatment; patients with ATDILI devel-
oped biochemical evidence of liver injury during their 
patient follow up attributable to TB drugs after initiat-
ing TB therapy. Controls did not develop biochemical 
liver injury during TB therapy during the patient fol-
low up, despite undergoing repeated screening. The 
study was conducted in clinics and hospitals at exist-
ing research sites where well-established cohorts were 
already in place, facilitating participant recruitment and 

data collection (Fig. 1). In prospective studies, ATDILI 
causality was assessed by study clinicians using Alanine 
aminotransferase (ALT) measurements. For retrospec-
tive cohorts and hospitalized cases, clinical records and 
laboratory data were reviewed to confirm ATDILI. Pro-
spective patients were followed for up to 6 months, while 
retrospective participants had a single visit with follow-
up durations determined by their parent studies. Two 
controls were matched to each case of ATDILI based on 
their TB drug regimen, age, gender, alcohol consumption, 
and HIV/ART status. Where feasible, we prioritized the 
selection of controls from the same study or sub-study 
as the ATDILI cases. The current analysis integrates data 
across these cohorts to examine the incidence and risk 
factors associated with ATDILI. By leveraging standard-
ized clinical, demographic, and biochemical data, this 
approach enables a comprehensive assessment of ATDILI 
in a real-world, multicenter context.

Fig. 1  The study comprised three arms: prospective, retrospective, and extreme phenotype cohorts. Extreme phenotype were patients who reported to 
the hospital with a suspected ATDILI case
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Sample size estimation
Sample size to assess genetic associations for the risk 
for developing ATDILI was determined using the CaTS 
power calculator (​h​t​t​p​​:​/​/​​c​s​g​.​​s​p​​h​.​u​​m​i​c​​h​.​e​d​​u​/​​a​b​e​​c​a​s​​i​s​/​g​​a​s​​
_​p​o​w​e​r​_​c​a​l​c​u​l​a​t​o​r) developed by Skol et al. 2006 [22]. In 
the sample size estimation, odds ratios of 2.5 to 3.5 were 
assessed. A sample size of 160 cases and 320 controls was 
estimated to have 80% power to detect the effect of SNPs 
with a MAF of 0.05 for an OR of 3.5. The sample sizes 
and odd ratios (ORs) for this study were within ranges 
used and observed in a meta-analysis of risk factors for 
the association of the NAT-2 slow acetylator status with 
drug induced liver injury [23]. Moreover, studies have 
also found association in ATDILI case-control study with 
fewer samples [24, 25] suggesting that our study is pow-
ered enough to found clinical associations.

Patient inclusion/exclusion criteria
Participants were enrolled from clinical trials, observa-
tional studies, or directly by study staff. Inclusion criteria 
were: age > 18 years; self-identified Black South African; 
laboratory-confirmed Mycobacterium tuberculosis infec-
tion (Xpert Ultra or culture); ≤1 week on TB treatment at 
enrolment; baseline ALT within normal limits; and writ-
ten informed consent. Additional consent was obtained 
for HIV testing (unless already documented), sample 
storage (blood, urine, oral swab, sputum), genomic analy-
sis, and national/international data sharing. Exclusion 
criteria included: active psychiatric illness or substance 
abuse affecting consent or adherence; pre-treatment liver 
injury; hepatitis B/C infection; use of hepatotoxic drugs 
(other than TB); undocumented concomitant medica-
tions; refusal of HIV testing; poor TB treatment adher-
ence; or investigator-assessed unsuitability. Participants 
not meeting ATDILI criteria post-enrolment were with-
drawn and excluded from analysis. Hospitalized ATDILI 
cases were included if they met the study case definition 
and had clinical evidence excluding other causes of liver 
injury. They also consented to HIV testing, biospecimen 
storage, and hepatic biopsy retention. Exclusion criteria 
for hospitalized patients included inability to consent, 
critical illness with poor prognosis (< 48 h), or an alter-
native diagnosis for liver injury. More information on the 
study inclusion and exclusion criteria has been exten-
sively addressed on the protocol paper which has been 
submitted for publication on a separate journal.

Anti-TB drug induced liver injury diagnosis
For the purposes of this study, patients were screened 
for elevated ALT using a definition of ATDILI defined as 
alanine transaminase (ALT) level > 120 IU/L and symp-
tomatic (nausea, vomiting, abdominal pain, jaundice); or 
ALT level > 200 IU/L and asymptomatic as described by 
the Drug‑Induced Liver Injury Network (DILIN) [26]. In 

the prospective arm of the study ALT, were assessed at 
three predefined time points: at baseline, on day 15, and 
on day 30 of treatment. These time points were selected 
based on existing evidence indicating that the majority of 
ATDILI cases manifest within the first months of therapy 
[3, 4]. For the retrospective arm, LFT data were extracted 
from routine clinical records and hospital databases. In 
this study, we categorized ATDILI cases into two sub-
groups for descriptive purposes: Standard ATDILI were 
participants who developed liver injury during the course 
of anti-TB treatment, confirmed through routine moni-
toring and clinical evaluation while severe ATDILI were 
participants who presented to the hospital with severe 
liver injury while on anti-TB therapy, often requiring hos-
pitalization and immediate clinical intervention. Both 
groups were included in the ATDILI case definition, and 
all met the biochemical thresholds for ATDILI based on 
ALT elevation as per the study criteria. All the partici-
pants were put on standard four-drug regimen for drug-
susceptible TB (isoniazid, rifampicin, pyrazinamide, and 
ethambutol). Patients later diagnosed with drug-resistant 
TB were transitioned to the BPaL regimen (bedaquiline, 
pretomanid, and linezolid). All participants provided 
written informed consent and the study was approved by 
the University of the Witwatersrand’s Human Research 
Ethics Committee (Wits HREC: M240904).

Statistical analysis
The data were analyzed using STATA (version 18; Stata 
Corp, College Station, TX, USA) and R Statistical Soft-
ware (version 3.4.3, https://www.r-project.org/). The 
incidence of ATDILI was defined as the number of new 
ATDILI cases observed during anti-TB treatment divided 
by the total number of individuals who were followed up 
in each individual study. In the pooled dataset, cumula-
tive incidence was calculated by dividing the number of 
participants who developed ATDILI by the total number 
who met the inclusion criteria and had complete follow-
up data. Patients hospitalized with severe ATDILI, were 
excluded from incidence calculations because we did not 
have a clearly defined denominator. Comparisons across 
subgroups such as sex, ALT, HIV status, BMI category, 
smoking and alcohol use were performed using non-
parametric tests i.e. Mann-Whitney U or Kruskal-Wallis 
test where appropriate. To identify factors associated 
with ATDILI, we conducted univariable and multivari-
able logistic regression analyses. The outcome variable 
was the occurrence of ATDILI. Odds ratios (ORs) and 
95% confidence intervals (CIs) were used to quantify 
associations between clinical characteristics and ATDILI 
risk. Variables with a p-value < 0.20 in univariable analysis 
were considered for inclusion in the multivariable model. 
Backward elimination, guided by likelihood ratio tests 
(p < 0.05), was applied to derive the final model.

http://csg.sph.umich.edu/abecasis/gas_power_calculator
http://csg.sph.umich.edu/abecasis/gas_power_calculator
https://www.r-project.org/
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Results
 Table1 summarizes the number of participants with 
ATDILI recruited across the various studies. A total of 
57 cases were identified: 4 out of 52 participants from the 
ISA DRPK study, 5 out of 217 from the SMA TB study, 
1 out of 90 from the BPAL study, 2 out of 16 from the 
STAT-TB study, and 1 from the prospective arm of the 
PGx@DILI study..

Among 610 participants from the prospective and rou-
tine cohorts, 13 developed ATDILI during treatment, 
yielding a cumulative risk of 2.1% (13/610) in patients 
who started TB treatment with apparent normal liver 
function at baseline. The 44 severe ATDILI cases were 
excluded from this estimate due to lack of a denominator. 
In our study, the average time from the initiation of anti-
TB treatment to the development of ATDILI was 30 days.

Table 2 presents a comparison of the clinical and 
demographic characteristics among participants with-
out ATDILI, those with standard ATDILI, and hospi-
talized individuals with severe ATDILI. A total of 333 
patients with TB infections were enrolled, of whom 215 
(64.6%) were male. The median age was 39 years (IQR: 
30.00–46.00); however, patients in the severe ATDILI 
group were older on average (42 years) than those in the 
standard ATDILI (41 years) and non-ATDILI (40 years) 
groups. ALT levels varied significantly across the groups, 
participants with severe ATDILI exhibited a median ALT 

of 478.88 U/L (IQR: 265.00–626.00), markedly higher 
than the standard ATDILI group (389.06 U/L; IQR: 
189.00–729.00) and the non-ATDILI group (21.53 U/L; 
IQR: 12.00–28.00).

HIV infection was a major comorbidity, affecting 
59.2% of the entire cohort. The proportion of HIV-pos-
itive individuals differed by ATDILI severity—56.5% in 
non-ATDILI, 69.2% in standard ATDILI, and 84.1% in 
severe ATDILI. BMI across groups was generally similar, 
with all means approximately 23 kg/m². In terms of sex 
distribution, the standard ATDILI group had a greater 
proportion of female participants (61.5%, n = 8) than the 
non-ATDILI group (19.2%), while the severe ATDILI 
group had a more balanced sex composition (52.3%,). 
Unemployment was common across all groups ranging 
from 63.6% − 66.4%.

Although the overall prevalence of diabetes was low 
(1.8%), it was considerably higher in the severe ATDILI 
group (9.1%). A similar trend was observed with hyper-
tension, which was more common in the standard 
(23.1%) and severe (13.6%) ATDILI groups compared to 
the non-ATDILI group (5.1%). Smoking was also preva-
lent (71.5% overall), with current smoking common in 
the standard ATDILI group (53.9%) compared to the 
non-ATDILI group (42.8%). Alcohol use was widespread 
(67.6%) but declined with ATDILI severity: 80.8% among 

Table 1  Summary of sources of patients included in this study
Short Title Long Title Reference 

Numbers
Number of 
atdili/total (%)

Number of 
atdili/control 
included in 
the analysis

Group 1: Consent for Genetic Testing while in parent study
  India-SA drpk 

[18]
India-South Africa collaboration on pharmacokinetics in drug resistant TB 
patients (n = 52)

Wits HREC: 
171115B

4/52 (7.7) 4/16

Group 2: No consent for genetic testing in parent study
  Sma-TB [19] Adjunctive Aspirin and Ibuprofen for Tuberculosis: Phase 2b Randomized 

double-blind, placebo-controlled trial to estimate the potential efficacy and 
safety of two repurposed drugs, acetyl salicylic acid and ibuprofen, for use as ad-
junct therapy added to, and compared with, the standard WHO recommended 
TB regimen (n = 217)

Wits HREC: 
200408B

5/217 (2.3) 5/27

  Bpal [20] Bedaquiline, Pretomanid and Linezolid clinical access program ( in South Africa 
( (n = 90)

Wits 
HREC:201,004

1/90 (1.1) 1/4

  Stat-TB [21] Statin Adjunctive Therapy for TB A Phase 2b Dose- finding Study of Pravastatin in 
Adults with Tuberculosis (n = 16)

Wits HREC: 
180,409

2/16 (12.5) 2/7

Group 3: Prospectively recruited patients admitted to hospital with severe ATDILI
  Pgx@dili ## Pharmacogenomics of Hepatotoxicity in the treatment of drug sensitive and 

drug-resistant TB in Africans (n = 44)
Wits HREC: 
220612B

44, no 
denominator

44, no 
denominator

Group 4: Prospectively recruited cohort of patients with TB recruited at the start of TB treatment
  Pgx@dili Pharmacogenomics of Hepatotoxicity in the treatment of drug sensitive and 

drug-resistant TB in Africans (n = 223)
Wits HREC: 
220612B

1/222 (0.5) 1/222

Abbreviations: atdili anti-tuberculosis drug-induced liver injury, India-SA drpk India–South Africa collaboration on pharmacokinetics in drug-resistant TB patients, 
Sma-TB Adjunctive Aspirin and Ibuprofen for Tuberculosis study, Bpal Bedaquiline, Pretomanid, and Linezolid regimen, Stat-TB Statin Adjunctive Therapy for TB, 
Pgx@dili Pharmacogenomics of Hepatotoxicity in the Treatment of Drug-Sensitive and Drug-Resistant TB in Africans, Wits HREC University of the Witwatersrand 
Human Research Ethics Committee

## These patients are continuing to be recruited and because we don’t have a good sense of the total denominator, they are not included in the incidence calculations
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non-ATDILI participants, 69.2% in the standard ATDILI 
group, and 52.3% in the severe ATDILI group.

Clinical symptoms were more pronounced in patients 
with severe ATDILI. Jaundice was observed in 36.4% 
(n = 16, N = 44) of patients in this group, compared to 
7.9% (n = 1, N = 13) in the standard ATDILI group and 
7.6% (n = 21, N = 276) in the non-ATDILI group. Similarly, 
abdominal pain and dark urine were most frequent in the 
severe ATDILI group (43.2% and 52.3%, respectively), fol-
lowed by the standard (30.8% for both symptoms) and 
non-ATDILI groups (31.2% and 21.0%, respectively).

All TB patients who developed anti ATDILI had docu-
mented adherence to their prescribed anti-TB treatment 
regimens throughout therapy. Adherence was measured 
using pill counts, clinician assessment, or patient self-
report, depending on the study. For hospitalized cases, 
adherence was inferred from medical records prior to 
admission. Similarly, all patients living with HIV were 
initiated on the standard fixed-dose combination therapy 
comprising Tenofovir disoproxil fumarate (TDF), Lami-
vudine (3TC), and Dolutegravir (DTG) (TLD regimen), 
in line with international treatment guidelines.

Table 3 summarizes the univariable and multivariable 
logistic regression analyses of factors associated with 
ATDILI. In the univariable analysis, female sex was signif-
icantly associated with higher odds of ATDILI (OR = 3.29, 
SE = 0.37, p = 0.003, 95% CI: 1.16–3.69). HIV-positive 
status was also significantly associated with increased 
risk (OR = 3.24, SE = 0.44, p = 0.002, 95% CI: 1.09–3.55). 
Higher body mass index (BMI) showed a borderline 
protective effect (OR = 0.94, SE = 0.04, p = 0.038, 95% CI: 
0.87–1.01). Hypertension was significantly associated 
with increased odds of ATDILI (OR = 0.62, SE = 0.69, 
p = 0.047, 95% CI: 1.17–2.88). Smoking (OR = 3.76, 
SE = 0.47, p = 0.006, 95% CI: 1.53–3.87) and alcohol con-
sumption (OR = 3.21, SE = 0.37, p = 0.001, 95% CI: 1.57–
3.69) were also significantly associated with increased 
risk. In the multivariable analysis, sex remained a sig-
nificant independent predictor, with females continu-
ing to show higher odds of ATDILI (OR = 2.31, SE = 0.43, 
p = 0.041, 95% CI: 0.23–1.19). HIV status also remained 
significant (OR = 0.35, SE = 0.46, p = 0.022, 95% CI: 0.13–
0.82). Alcohol use was independently associated with 
increased risk of ATDILI (OR = 2.20, SE = 0.40, p = 0.048, 
95% CI: 1.00–4.83). However, BMI, hypertension, and 
smoking were not statistically significant in the multi-
variable model. Age was not significantly associated with 
ATDILI in either model and was excluded from the final 
multivariable analysis.

Figure 2 presents the distribution of natural log-trans-
formed alanine aminotransferase (ln[ALT]) levels strati-
fied by age, sex, smoking status, and alcohol use among 
participants with and without ATDILI. Unless otherwise 
specified, observations of differences across stratified 

Table 2  Demographic data and clinical characteristics of 333 
study participants
Patient 
characteristics

All par-
ticipants 
(N = 333)

Without 
ATDILI 
(N = 276)

Standard 
ATDILI 
(N = 13)

Severe 
ATDILI 
(N = 44)

Age (years), 
Median (IQR)

39.0 
(30.0–45.0)

40.0 
(30.0–46.0)

41.0 
(38.0–45.0)

42.0 
(34.0–49.0)

ALT (U/L), Median 
(IQR)

94.9 
(12.0–32.0)

21.5 
(12.0–28.0)

389.1 
(189.0–
729.0)

478.9 
(265.0–
626.0)

BMI Categories
  Underweight 
(< 18.5)

104 (31.2%) 94 (34.1%) 4 (30.8%) 15 (34.1%)

  Normal 
(18.5–24.9)

146 (43.8%) 128 (46.4%) 4 (30.8%) 19 (43.2%)

  Overweight 
(≥ 25.0)

83 (24.9%) 54 (19.6%) 5 (38.5%) 10 (22.7%)

Sex
  Male 215 (64.6%) 212 (80.8%) 5 (38.5%) 21 (47.7%)
  Female 118 (35.4%) 64 (19.2%) 8 (61.5%) 23 (52.3%)
Employment
  Employed 77 (23.1%) 72 (26.1%) 6 (46.2%) 14 (31.8%)
  Unemployed 221 (66.4%) 178 (64.5%) 5 (38.5%) 28 (63.6%)
  Unknown 35 (10.5%) 26 (9.4%) 2 (15.4%) 2 (4.5%)
Diabetes
  Yes 6 (1.8%) 2 (0.7%) 0 (0.0%) 4 (9.1%)
  No 327 (98.2%) 274 (99.3%) 13 

(100.0%)
40 (90.9%)

Hypertension
  Yes 25 (7.5%) 14 (5.1%) 3 (23.1%) 6 (13.6%)
  No 308 (92.5%) 262 (94.9%) 10 (76.9%) 38 (86.4%)
HIV Status
  Positive 197 (59.2%) 156 (56.5%) 9 (69.2%) 37 (84.1%)
  Negative 136 (40.8%) 120 (43.5%) 4 (30.8%) 7 (15.9%)
Smoking
  Current 118 (35.4%) 118 (42.8%) 7 (53.8%) 12 (27.3%)
  Previous 120 (36.0%) 72 (26.1%) 4 (30.8%) 15 (34.1%)
  Never 95 (28.5%) 86 (31.2%) 2 (15.4%) 17 (38.6%)
Alcohol Use
  Yes 225 (67.6%) 223 (80.8%) 9 (69.2%) 23 (52.3%)
  No 108 (32.4%) 53 (19.2%) 4 (30.8%) 21 (47.7%)
Jaundice
  Yes 115 (34.5%) 21 (6.3%) 1 (7.7%) 16 (36.4%)
  No 218 (65.5%) 255 (93.7%) 12 (92.3%) 28 (63.6%)
Abdominal Pain
  Yes 112 (33.6%) 86 (27.6%) 4 (30.8%) 19 (43.2%)
  No 221 (66.4%) 247 (72.4%) 9 (69.2%) 25 (56.8%)
Dark Urine
  Yes 94 (28.2%) 58 (17.4%) 4 (30.8%) 23 (52.3%)
  No 239 (71.8%) 275 (82.6%) 9 (69.2%) 21 (47.7%)
Alcohol use is defined as any self-reported consumption of alcoholic beverages 
within the past month

Abbreviations: ALT alanine aminotransferase, BMI body mass index, IQR 
interquartile range, HIV human immunodeficiency virus
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Table 3  Univariable and multivariable logistic regression analysis
Parameter Univariable logistic regression analysis Multivariable logistic regression analysis

Odd ratio (SE) p-value 95% CI Odd Ratio (SE) p-value 95% CI
Age 0.99 (0.01) 0.147 0.95, 1.01 - - -
Sex 3.29 (0.37) 0.003 1.16, 3.69 2.31 (0.43) 0.041 0.23, 1.19
HIV 3.24 (0.44) 0.002 1.09, 3.55 0.35 (0.46) 0.022 0.13, 0.82
BMI 0.94 (0.04) 0.038 0.87, 1.01 0.98 (0.05) 0.590 0.89,1.07
Hypertension 0.62 (0.69) 0.047 1.17, 2.88 1.51 (0.82) 0.618 0.32, 8.68
Smoker 3.76 (0.47) 0.006 1.53, 3.87 1.88 (0.54) 0.244 0.66, 5.76
Alcohol 3.21 (0.37) 0.001 1.57, 3.69 2.20 (0.40) 0.048 1.00, 4.83
Standard error (SE), Confidence Interval (CI), Body mass index (BMI)

Fig. 2  Stratified box plots showing the distribution of ln(ALT) values across demographic and behavioral factors (age, gender, smoking, and alcohol use) 
among participants with and without ATDILI. Each box represents the interquartile range (IQR) from the 25th to the 75th percentile, with the horizontal 
line inside the box indicating the median. Whiskers extend to the smallest and largest values within 1.5 × IQR from the lower and upper quartiles, respec-
tively. P-values for group comparisons are shown above the plots
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groups are descriptive and based on visual comparison 
of the median and IQR values shown in Fig. 2. Figure 2. 
(a) illustrates the relationship between age and ln(ALT) 
levels. Among individuals who developed ATDILI, those 
aged below 36 years exhibited the highest ALT levels, 
followed by participants in the 36–65 years group. The 
oldest age group (≥ 65 years) showed the lowest ALT 
elevation among those with ATDILI. Specifically, these 
age brackets reflect young adults, middle-aged adults, 
and older adults, which are commonly used groupings in 
hepatotoxicity and pharmacogenetic studies to capture 
potential differences in liver function, and risk profiles 
across the lifespan [27].In contrast, among participants 
without ATDILI, ALT levels remained uniformly low 
across all age categories, with minimal variability. In Fig. 
2. (b), ALT levels are compared between male and female 
participants. Both sexes showed elevated enzyme levels 
in the ATDILI group, with slightly higher median values 
in females. In the ATDILI group, the median ln(ALT) was 
approximately 2.47 in males and 2.53 in females, corre-
sponding to back-transformed ALT values of approxi-
mately 11.8 U/L and 12.6 U/L, respectively.

Figure 2. (c) explores the effect of smoking on ALT lev-
els. Current and former smokers with ATDILI exhibited 
higher ALT concentrations compared to never-smokers. 
Among participants without ATDILI, the differences 
were negligible, as ALT levels remained consistently low 
regardless of smoking history. Figure 2. (d) evaluates ALT 
levels in relation to alcohol use. Both current drinkers 
and non-drinkers who developed ATDILI had similarly 
elevated ALT values, indicating that alcohol use alone 
may not fully account for enzyme elevation in this group.

Discussion
In this ambispective case-control study, we found 
ATDILI incidence of 2.1% among patients on treatment 
for TB disease in South Africa. Female sex, HIV status 
and alcohol use were independent clinical risk factors 
significantly associated with ATDILI in multivariable 
analysis, while in univariable analysis, HIV status, BMI, 
alcohol use, hypertension, and smoking were associ-
ated. Our cohort included a subset of drug-resistant TB 
patients who were transitioned to the BPaL regimen, 
none of them developed ATDILI. This supports emerg-
ing evidence that newer regimens such as BPaL reduces 
hepatotoxicity risk in DR-TB patients [28]. We retained 
these individuals in the analysis for completeness and 
transparency, while noting this distinction in treatment 
exposures.

The incidence of ATDILI shows wide variation across 
ethnic and geographic populations, ranging from around 
3% to 36% [29, 30]. The variation in reported incidence 
of ATDILI globally may be attributed to differences in 
underlying comorbidities, variations in the definitions 

used for diagnosing ATDILI, and differences in treat-
ment practices, including different regimens [7, 31, 32]. 
We defined ATDILI based primarily on elevations in ala-
nine aminotransferase (ALT). While the DILIN criteria 
recommend evaluating multiple liver enzymes, includ-
ing AST and ALP [26], in this study ALT was selected 
as the primary marker due to its higher specificity for 
hepatocellular injury and because it was used for all the 
included studies. As such, ALT elevations are more reli-
ably attributed to liver injury, particularly in the context 
of drug-induced hepatotoxicity [4].

A global meta-analysis by Wang et al. (2022) reported a 
pooled ATDILI incidence rate of 11.5% across 160 stud-
ies, while a recent Indian meta-analysis (2024) found an 
incidence of 12.6%, and a multi-center cohort study in 
Korea (2023) reported an incidence of 7.6% [29–34]. In 
our current study, a higher cutoff for alanine aminotrans-
ferase (ALT) values was used for case definition than 
those used in the Indian and Korean studies, which could 
partly explain the lower ATDILI incidence observed. Our 
adherence to the DILIN [26] definition is an important 
contribution towards a well-defined case-control cohort 
that can be used to investigate the clinical risk factors 
for ATDILI although direct comparisons with previous 
ATDILI studies should be interpreted cautiously due to 
differences in population characteristics and definitions 
of ATDILI.

The clinical presentation of ATDILI is varied and non-
specific, ranging from asymptomatic liver dysfunction to 
severe acute hepatitis or even acute liver failure [3, 35]. 
The mechanism of ATDILI primarily involves hyper-
sensitivity reactions, which can present with symptoms 
such as dark urine, jaundice, fever, fatigue, and abdomi-
nal pain. In our study, the most commonly reported 
symptoms among participants who developed ATDILI 
were dark urine, jaundice, and abdominal pain, observed 
in approximately 65% of symptomatic cases. ATDILI 
can sometimes be fatal if not diagnosed and managed 
promptly [2]. Therefore, it is advisable to routinely moni-
tor liver function in patients receiving anti-TB drugs.

In our study, the mean time from the initiation of anti-
TB treatment to the development of ATDILI was approx-
imately 30 days, similar to previous reports of 24–30 days 
reported by [29, 34, 36]. Several factors have been shown 
to influence the severity of ATDILI, including advanced 
age, sex, smoking, alcohol consumption, HIV/AIDS, and 
body mass index [16, 34, 36]. We found significant asso-
ciation between sex of patients and ATDILI. Studies have 
reported that women are at increased risk of developing 
hepatotoxicity when receiving anti-tuberculosis treat-
ment [6].

In our study, the proportion of women with ATDILI 
was higher than that of men, suggesting that women 
receiving anti-tuberculosis drugs may be more prone 
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to liver damage or even liver failure. Kumar et al. [34]. 
conducted a study in India, reporting that approxi-
mately 70% of anti-TB drug-associated liver failure cases 
occurred in female patients. In contrast, among hospi-
talized patients with severe ATDILI, the proportion of 
females was almost the same as that of males but, in the 
standard ATDILI group, females were also more preva-
lent accounting for 61.54% of cases. We found no sig-
nificant difference in age of patients and risk for ATDILI. 
There are few studies that have reported an association 
between age and ATDILI [36], although some studies 
have reported an association between advanced age and 
ATDILI [6, 37].

Hypertension, alcohol consumption, and smoking were 
also identified as risk factors for ATDILI in the univari-
able analysis. These findings suggest that female sex, 
higher BMI, HIV infection, hypertension, smoking, and 
alcohol use could contribute to elevated liver enzyme 
levels and may be considered potential risk factors for 
ATDILI. Given that tenofovir disoproxil fumarate (TDF), 
lamivudine (3TC), and dolutegravir (DTG) (TLD) is typi-
cally well tolerated and associated with a low incidence 
of hepatotoxicity, it is likely that the observed risk of 
ATDILI in this cohort was primarily driven by the anti-
TB drug regimens rather than the TLD therapy [29]. 
Additionally, we consistently observed that all patients 
appeared to have good adherence to their anti-TB ther-
apy, which could have contributed to an increased risk of 
ATDILI due to higher cumulative drug exposure. Good 
adherence was defined as completion of ≥ 90% of pre-
scribed doses during the treatment period under review. 
Our study found no significant association between the 
presence of diabetes and the occurrence of ATDILI. Sev-
eral studies have similarly reported no significant asso-
ciation between diabetes and ATDILI risk [6, 38].

In this study, stratification of ln(ALT) levels by par-
ticipants demographic and behavioral variables revealed 
notable trends. Participants younger than 65 years, par-
ticularly those less than 36 years of age, exhibited higher 
ln(ALT) values compared to those aged ≥ 65 years. This 
may reflect age-related differences in hepatic enzyme 
activity or susceptibility to hepatocellular injury. Female 
participants had marginally higher ln(ALT) levels than 
males among those who developed ATDILI, possibly 
reinforcing that female sex confers increased ATDILI 
risk [9]. Additionally, higher ln(ALT) levels were noted 
among current smokers and alcohol users, indicating 
possible additive hepatic stress [5, 39]. These findings 
underscore the need for liver function monitoring in 
high-risk groups during anti-TB therapy.

Even though this study focused on non-genetic risk 
factors for ATDILI, DNA samples from cases and con-
trols have been collected and are currently undergo-
ing genomic analysis to investigate genetic biomarkers 

associated with ATDILI. This future work aims to com-
plement our current findings and contribute to the devel-
opment of precision risk prediction tools.

Strengths and limitations
A key strength of this study is the ambispective design, 
including both retrospective and prospective data of 
patients from several studies ensuring a diverse and rep-
resentative sample of ATDILI cases that enhances exter-
nal validity and generalizability across patient subgroups. 
Additionally, by leveraging existing data and biological 
samples from participants who have already consented, 
the study maximizes efficiency and avoids unnecessary 
duplication of effort. The deliberate focus on patients 
with severe ATDILI phenotypes, especially from major 
hospitals, enriches the dataset with cases likely to pro-
vide deep insights into risk factors and mechanisms 
underlying severe liver injury. However, several limita-
tions should be noted. First, the relatively low number 
of ATDILI cases may have limited the statistical power 
to detect significant associations in multivariable analy-
sis. Second, the use of ALT alone to define hepatotoxic-
ity, without incorporating other LFT parameters such as 
AST and ALP, may have underestimated the true inci-
dence of ATDILI. Another limitation of the study is data 
heterogeneity and selection bias, as it combines data from 
diverse study designs and clinical settings, which may 
result in inconsistencies in data quality, laboratory test-
ing, and diagnostic criteria. The other limitation of our 
study is the lack of comprehensive data on concomitant 
medications that may influence liver function. In par-
ticular, in the SMA-TB study, aspirin was administered 
as part of the intervention and may have contributed to 
hepatotoxicity in some patients. We did not adjust for the 
use of such non-TB medications in our regression mod-
els, which could have introduced confounding.

Conclusion
This ambispective case-control study found an incidence 
of ATDILI at 2.1%. While several factors such as HIV sta-
tus, BMI, hypertension, smoking, and alcohol consump-
tion were associated with ATDILI in univariable analysis, 
only female sex, HIV status and alcohol consumption 
remained significantly associated after multivariable 
adjustment. These findings suggest that female patients, 
individuals living with HIV, and those who consume 
alcohol may be at increased risk of developing ATDILI 
and could benefit from closer monitoring during tuber-
culosis treatment. Future studies incorporating genetic 
and pharmacokinetic data are recommended to improve 
risk prediction and prevention strategies.
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