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ABSTRACT

Introduction: Oral medications for the treatment of MDR-TB regimens, including bedaquiline,
clofazimine, and moxifloxacin, are increasingly prescribed globally. These drugs can lead to increased
QTc intervals and ventricular arrhythmias. The risk increases when these medications are combined, as
per WHO guidelines. Electrolyte imbalance, common in malnourished MDR-TB patients, can exacerbate
this issue. Objective: This narrative review synthesizes available evidence to characterize the additive
QTc-prolongation risk of the bedaquiline—clofazimine-moxifloxacin combination and delineate the specific
contributions of electrolyte imbalance as a risk factor. Methods: A narrative review was conducted using
databases such as PubMed, Scopus, Embase, and ClinicalTrials.gov. Results: The concurrent use of
bedaquiline, clofazimine, and moxifloxacin is associated with additive QTc prolongation of approximately
35-50 ms in many patients, depending on regimen, drug exposure, and patient characteristics. In MDR-
TB patients, hypokalemia is associated with QTc prolongation, and lower serum potassium levels may
increase the risk of clinically significant QT interval prolongation. Hypomagnesemia compounds this risk
by driving refractory potassium depletion through impaired Na*/K*-ATPase channel. Together, patients
with borderline baseline QTc and untreated electrolyte disturbances may push QTc beyond the critical
500 ms threshold. Conclusion: Correcting the potassium and magnesium levels might become a clinically
valuable approach to prevent cardiac events associated with QTc prolongation in patients with MDR-TB
along with electrocardiogram monitoring in line with WHO recommendations, is a key component of
successful treatment.
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INTRODUCTION

Among the major challenges associated with
infectious diseases worldwide, multidrug-resistant
tuberculosis (MDR-TB) remains relevant.
According to the World Health Organization
(WHO), approximately 3,90,000 new cases of
MDR-TB were registered in 2024, while the
global success rate of therapy was around 71%'.
During the past decade, there has been innovative
development in the field of MDR-TB therapeutics
because of the registration of bedaquiline in 2012
and further restructuring of treatment into all-
oral drug regimens free of injectable antibiotics®.
Current regimens of WHO-recommended
therapies for MDR-TB, such as the bedaquiline-
pretomanid-linezolid-moxifloxacin (BPaLM)
regimen and short standardized bedaquiline-
clofazimine-based regimens, significantly improve
therapeutic results’.

However, this positive trend highlightsan additional
concern related to the cardiac safety of the therapy.
It is associated with the coadministration of drugs
that prolong the QTc interval by inhibiting the
hERG-encoded potassium current (IKr), such as
bedaquiline, clofazimine, and fluoroquinolones,
including  moxifloxacin. The simultaneous
prescription of these classes of drugs, which is seen
in some recommended regimens, poses the risk

of additive QTc prolongation. The QTc interval,
which is measured during electrocardiography and
represents the corrected ventricular repolarization
time, can exceed 500 ms and predisposes patients
to early afterdepolarizations (EADs), resulting in
Torsades de Pointes (TdP)*>.

The interplay between pharmacological risk
factors and biological susceptibility in MDR-TB
is exemplified in the case of the latter patients.
Nutritional deficiencies, diarrhea, nausea, and
vomiting resulting from other drugs, including
ethionamide and linezolid, and the catabolic
response to actively infected TB contribute to an
increase in the incidence of electrolyte imbalances®.
Hypokalemia and hypomagnesemia, individually
and in combination, further potentiate the
occurrence of drug-induced QTc prolongation
through electrophysiological mechanisms. However,
electrolyte imbalances are often overlooked and are
limited in resource-constrained settings, especially
in Low- and Middle-Income Countries (LMICs)’.

While awareness regarding the risks posed to QTc
intervals by MDR-TB regimens has increased,
data concerning the contribution of electrolyte
alterations in the form of potential modifiable risk
factors for drug-induced QTc prolongation in such
a setting are lacking. In addition, no prospective
study has been conducted to assess the interactive
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effect between electrolytes and triple QTc-prolonging drugs on the
repolarization process. This narrative review seeks to fill this gap in the
literature and analyze how the concurrent presence of hypokalemia and
hypomagnesemia affects the additive risk of bedaquiline-clofazimine-
fluoroquinolone combinations in prolonging QTc intervals.

The novelty of this article is its comprehensive exploration of the
additive or synergistic effects of the drug combinations used in the
MDR-TB, namely bedaquiline, clofazimine, and moxifloxacin, which
lead to QTc¢ prolongation due to electrolyte imbalance. Unlike previous
reviews, which might have addressed QT prolongation associated
with individual drugs or broader drug classes, this narrative review
specifically describes how these medications interact synergistically to
exacerbate QTc prolongation, emphasizing the importance of patients'
electrolyte status.

Additionally, the article also provides precise insights into how patient
characteristics and drug regimen can influence the extent of QTc
prolongation, thereby offering a more tailored understanding of the
associated risks. It highlights practical and clinical recommendations
for managing electrolyte levels and adjusting drug dosages to optimize
patient safety, which may not have been explicitly detailed in the past
literature®®. By focusing on both pharmacological interactions and
underlying patient factors, this review offers a more delicate approach
to mitigate the cardiac risks in MDR-TB therapy, filling the notable gap
in existing research.

METHODOLOGY

An extensive literature survey was conducted in PubMed, Scopus,
ScienceDirect, and Google Scholar databases for studies published
between 1988 and 2025. The inclusion criteria involved original and
review articles evaluating the QT interval prolongation associated
with bedaquiline, clofazimine, and fluoroquinolones in the treatment
of drug-resistant tuberculosis. Articles without the data on QT
prolongation, bedaquiline, clofazimine and fluoroquinolones, and
MDR-TB were excluded.

Inclusion criteria

Original articles, review articles, clinical trials, regulatory and policy
documents including WHO treatment guidelines and FDA prescribing
information, related to the use of bedaquiline, clofazimine, and
fluoroquinolones in MDR-TB and QT prolongation, which are
published in English, are included in this review.

Exclusion criteria

The research articles that are not published in English and do not fit
into the inclusion criteria are excluded. The original articles and review
articles that don’t contain relevant information are excluded. Articles
for which the full text could not be retrieved were also excluded from
the review.

Search strategy

The broad search method was employed to retrieve literature across all
the databases mentioned. Bedaquiline, clofazimine, fluoroquinolones,
MDR-TB, and QT prolongation were used as the population, and the
search was conducted in the databases mentioned above.

Source of evidence selection

All the results from the databases were uploaded to Rayyan software,
and duplicate articles from the databases were removed. The selection
process was performed by two independent reviewers (DS and AK) in
a blinded process, implementing a two-stage screening approach that
involved first evaluating titles and abstracts, followed by a full-text
assessment. The conflicts in the screening were resolved with the help
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of a subject expert (KGS), and the articles were finalised for manuscript
drafting.

Data extraction

The data extraction was performed by (MHK) in Microsoft Excel
spreadsheets, and it was validated by (DS, AK & KGS). The data
extraction was performed with the headings such as article title, journal
name, name of authors, country, aspect of the study, drugs used, adverse
events associated with QT prolongation, dosage if applicable, results, key
findings and additional information.

CARDIAC ELECTROPHYSIOLOGY AND DRUG-
INDUCED QTC PROLONGATION

Normal Ventricular Repolarization and the QTc Interval

The QT interval measured from the surface electrocardiogram (ECG)
corresponds to the time needed for ventricular depolarization and
repolarization. The process consists of the action potential (AP) of the
ventricular myocyte, which goes through five phases from 0 to 4. Phase
3, corresponding to the rapid repolarization phase, is mostly conducted
by potassium outflows such as rapid delayed rectifier potassium
current (IKr) and slow delayed rectifier potassium current (IKs)'. The
IKr channel is encoded by the hERG gene (KCNH2) and produces the
hERG channel, which is sensitive to pharmacologic blockage because
of the structure of its cavity for drug interactions, including aromatic
amino acids interacting with various lipophilic drugs'..

With respect to rate dependency, the QT interval needs to be corrected
for heart rate. Bazett's correction is commonly used in the clinic (QTc
= QT/VRR), whereas Fridericia's correction is believed to provide
more accurate results in the case of an extreme heart rate (QTc =
QT/RRA0.33)"2. The normal QTc range in men is less than 450 ms,
whereas in women it is below 460 ms. When the QT¢ exceeds 500 ms,
it is considered clinically significant concerning arrhythmia risk and
usually requires medication adjustment according to guidelines>".

Drug-Induced QTc Prolongation: Mechanism of hERG
Channel Blockade

Drug-mediated QTc prolongation is usually caused by hERG channel
blockage, which leads to a reduced IKr current and delay of phase 3
repolarization. Therefore, there is a prolonged AP duration, seen on
an ECG as QTc prolongation'. The hERG channel demonstrates
increased sensitivity to drugs because of its wide and hydrophobic
cavity as well as two aromatic amino acid residues (Tyr652 and Phe656)
that act as binding sites for various drugs, including antihistamines,
antipsychotics, antimalarials, and particularly anti-tuberculosis
agents™.

If IKr is strongly inhibited either due to pharmacological effects
or through genetic mutations, electrolyte disorders, etc., there is
a depletion of repolarization reserves. The term “repolarization
reserve” refers to the extra repolarizing mechanisms present in cells
that normally protect against arrhythmias despite any disturbances in
repolarization kinetics'®. In the case of depletion of the repolarization
reserve due to multiple factors (drug interactions with electrolyte
imbalance), conditions promoting EADs and, consequently, Torsades
de Pointes arise. Reactivation of the L-type calcium channel current
occurs during the late part of the plateau phase of AP and results in
EADs and arrhythmias'.

Electrolytes and Cardiac Repolarization

Potassium and magnesium are the two electrolytes that are essential
for the stability of cardiac repolarization. They operate differently but
are interlinked from a clinical perspective. Hypokalemia reduces the
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concentration gradient for potassium flux through the hERG channel;
however, owing to the requirement of extracellular potassium for the
return of hERG channels from the inactivated state, it reduces IKr even
though the gradient becomes more pronounced. Inward rectification
occurs because fewer channels return from the inactivated state when
potassium concentrations decrease in the blood". Hence, similar to
the blocking of hERG channels by antiarrhythmic drugs, hypokalemia
results in a reduction in IKr and a prolonged duration of the AP and
QTcinterval. Clinical evidence suggests that hypokalemia is independently
associated with QTc prolongation. In an emergency department cohort,
Marill et al. reported that for serum potassium concentrations below
3.9mmol/L, each 1 mmol/L decrease in potassium was associated with an
increase in QTc of approximately 43 ms in women and 29.5 ms in men'.

Magnesium operates in two ways. First, it is a co-factor of Na+/K+-
ATPase, and hypomagnesemia causes secondary potassium wasting.
This means that the correction of hypokalemia maybe difficult unless
magnesium is replaced first’. Second, magnesium acts directly to
stabilize the membrane voltage and inhibits the depolarizing current
during prolonged APs. The absence of magnesium in hypomagnesemia
increases the likelihood of EADs. TdP can only be treated using
intravenous magnesium sulfate because of this duality®.

This means that a prolonged QT interval induced by drug interaction
and a prolonged QT interval due to electrolyte disturbance do not
function independently of each other but are caused by a common
mechanism. In patients who develop hypokalemia because of drug-
induced hERG channel blockage, it does not just result in the addition of
a constant value in the QT interval; instead, it causes a disproportionate
increase in arrhythmogenicity'.

INDIVIDUAL DRUG PROFILES: QTc EFFECTS
Bedaquiline

Bedaquiline (BDQ) is a diarylquinoline antibiotic that acts on the Fo
subunit of ATP synthase in mycobacteria, blocking energy generation®..
It received approval from the FDA in 2012 as a result of accelerated
approval, indicating its status as the first novel TB drug with a novel
mechanism of action over four decades. Cardiac side effects are
among the main challenges associated with the clinical development
of bedaquiline.

BDQ is known to prolong the QT interval, at least in part through
inhibition of the cardiac hERG channel, with dose- and concentration-
dependent effect observed. In the Phase ITb randomized controlled pilot
trial involving 47 patients with MDR-TB, the mean QTc¢ increase at 24
weeks was 15.4 ms in the bedaquiline arm compared with 3.3 ms in
the placebo group. Separately, 22.5% of patients receiving bedaquiline
had QTc between 450-500 ms compared with 6.7% of placebo patients
across the first two studies®. However, this effect continues well beyond
the 24-week period of bedaquiline administration because of an
unusually long elimination half-life of approximately 5-6 months. The
active metabolite M2, which tends to accumulate over time, has shown
hERG-blocking properties, which contributes to the prolongation of
QTc well after BDQ has been discontinued?.

In the Nix-TB trial, which evaluated the effectiveness of BDQ +
pretomanid + linezolid (BPaL regimen) in treating Extensively Drug-
Resistant Tuberculosis (XDR-TB), the maximum mean value of QTc¢
was increased to 10 ms at week 16 of therapy?. Importantly, no QTc
prolongation was observed in the group taking linezolid as a part of
the regimen; thus, all QTc prolongations were attributed solely to
BDQ or BDQ with pre-existing risk factors. In the ZeNix trial, which
assessed different linezolid doses in BPaL regimen, adverse events were
comparable with those seen previously, providing more support to the
above hypothesis*.
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The FDA prescribing information for bedaquiline includes a boxed
warning for QT prolongation and cautions that concomitant use
with other QT-prolonging drugs, including clofazimine, may result
in additive QT prolongation. Consequently, ECG monitoring is
recommended when these agents are used together® .

Clofazimine

Clofazimine (CFZ) is an antiseptic riminophenazine agent with
antimycobacterial and anti-inflammatory actions. Mechanisms
underlying its effect include mycobacterial phospholipase A2
inhibition, electron transport interference, and production of reactive
oxygen species®. While historically used for leprosy treatment, CFZ
was later adopted for use in multidrug-resistant tuberculosis (MDR-
TB) treatment and became an integral component of the shortened
WHO-recommended MDR-TB regimen (4-6 months BDQ-Cf-Lfx-
Cs-Z/5 Lfx-Cf-Cs-Z).

QT interval (QTc) prolongation through concentration-dependent
inhibition of the hERG channel represents the primary mechanism
of CFZ. QTc prolongation in clinical trials for MDR-TB was reported
to be about 16-20ms on average in standard doses of clofazimine? .
CFZ shows unique pharmacokinetic characteristics, including high
tissue accumulation within macrophages, fat, and the digestive tract
and a very long terminal half-life (approximately 70 days), resulting
in a persistent QTc effect beyond the period of dose decrease or
discontinuation®.

The additive effect of combining multiple QT-prolonging
antituberculosis drugs has been demonstrated in pharmacokinetic-
pharmacodynamic analyses. An exposure-QTc modeling study
evaluating bedaquiline, pretomanid, and clofazimine estimated a
maximum drug-induced QTc¢ prolongation of approximately 44.5 ms
when the three agents were coadministered. Although this increase was
greater than that observed with individual drugs, clinically significant
QT prolongation remained uncommon with appropriate monitoring®.
Therefore, this trial provides perhaps the best example of additive QTc
effect in this drug combination.

It should be noted that QT¢ prolongation effect of clofazimine appears
to be increased under conditions of hypokalemia. In retrospectively
studied MDR-TB patients, 15% of the patients with serum potassium
less than 3.5mEq/L who received a CFZ regimen showed a markedly
increased mean QTc when compared with those who received the same
regimen with normal levels®.

Fluoroquinolones

The mechanism of antimicrobial action of fluoroquinolonesisassociated
with the blockage of DNA gyrase (topoisomerase II) and topoisomerase
IV, leading to prevention of DNA supercoiling and repair® . Regarding
the QTc effect, fluoroquinolones as a drug class are known to cause
QTc prolongation, but with significant inter-agent differences. The
mechanism of QTc prolongation includes direct blockage of hERG
channels (IKr) and, for some agents, additional blockage of the slow
delayed rectifier potassium current (IKs). The combination of IKr
and IKs blockages is more effective for repolarization reserve decrease
compared to only IKr inhibition®.

In the context of MDR-TB, moxifloxacin is the most dangerous for the
cardiac system and is clinically significant among fluoroquinolones.
This agent has the highest impact on the QTc interval; a mean QTc
prolongation of approximately 16.34-17.83 ms has been reported
in TQT studies™. The choice of moxifloxacin as an MDR-TB drug
is based on higher antimycobacterial efficacy than that of other
fluoroquinolones, although this advantage should be considered in
terms of increased cardiac risk when this drug is used, especially when
it is combined with bedaquiline and clofazimine.

Pharmacognosy Journal, Vol 18, Issue 3, May-June, 2026



Kamath MH. Additive QTc Prolongation with Concurrent Use of Bedaquiline, Clofazimine, and Fluoroquinolones in MDR-TB: Role of Hypokalemia and

Hypomagnesemia as Modifying Risk Factors

On the contrary, levofloxacin causes a weaker QTc prolongation effect (~
6-8 ms); thus, it may be preferable under borderline QTc conditions®. It
is advisable in patients with progressive QT prolongation approaching
clinically significant thresholds, substitution of moxifloxacin with
levofloxacin may be considered after individualized assessment.

ADDITIVE QTc PROLONGATION WITH CONCURRENT
BDQ, CFZ, AND FLUOROQUINOLONE USE

Pharmacological Basis of Additivity

When multiple drugs with separate QTc-prolonging mechanisms of
action are used simultaneously, one expects their repolarization effects
to be additive in many cases and even synergistic in others. Additivity
occurs in cases where each drug acts by blocking hERG channels,
although the magnitude of QT prolongation may vary depending on
pharmacokinetic interactions and individual repolarization reserve®.
Such expectations are likely to apply to bedaquiline, clofazimine, and
moxifloxacin, which utilize different mechanisms of action with regard
to the binding site on the hERG protein.

BDQ, clofazimine, and moxifloxacin are associated with QT interval
prolongation, and their concomitant use may increase the risk of
additive QTc prolongation, particularly in the presence of electrolyte
abnormalities®. Patients with a baseline QTc near the upper limit of
normal may approach clinically significant QTc values when exposed
to multiple QT-prolonging drugs, particularly in the presence of
additional risk factors.

It should be emphasized that additive effects can actually understate
the risk of arrhythmias since the repolarization reserve is not a linear
phenomenon. When the QTc¢ increases, the remaining repolarization
reserve becomes lower in a non-linear manner, and the risk of TdP for
each extra millisecond of prolongation increases'.

Clinical Evidence from Major MDR-TB Trials

Number of clinical trials have produced significant amounts of
information related to QTc changes associated with bedaquiline-
containing regimens (Table 1), although no studies have been
specifically performed to assess the combined effects of these three
drugs on QTc in a controlled way.

In the Standardized Treatment Regimen of Anti-tuberculosis Drugs
for Patients with Multidrug-resistant Tuberculosis (STREAM) Stage 2
trial, bedaquiline-containing regimens that also included clofazimine
and a fluoroquinolone were associated with QTc prolongation;

however, QTcF 2500 ms occurred in only a small proportion (3-6%)
of participants, highlighting the need for regular ECG monitoring™.

The Pragmatic Clinical Trial for a more Effective, Concise and Less
Toxic Regimen (TB-PRACTECAL) trial compared three 24-week
all-oral regimens BPaL, BPaLC, and BPaLM against standard-of-care
therapy for rifampicin-resistant tuberculosis, provides some of the
strongest clinical evidence currently available of QTc behaviour across
multiple QTc-prolonging drug combinations; post-hoc ECG analysis
revealed that the clofazimine-containing arm (BPaLC) produced the
highest mean peak QTcF of 446.5 ms, and across all three investigational
arms, clinically significant QTc prolongation was rare under intensive
monitoring conditions, with only one instance of QTcF >500 ms
recorded among 3,744 ECG measurements®.

The evaluation of fluoroquinolone therapy compared several regimens
with variable use of fluoroquinolones. Comparisons revealed that,
compared to levofloxacin, moxifloxacin generally demonstrated
greater QT prolongation, consistent with the known pharmacological
properties of these fluoroquinolones, directly demonstrating the
additional QTc effect of the drug?.

Data obtained through the FDA Adverse Event Reporting System
(FAERS) revealed that patients taking bedaquiline-containing
regimens may experience QTc-related events like TdP and sudden
cardiac death. Despite being relatively rare (small number compared
to the total number of patients), there were cases of TdP reported from
real-world use (programs)®.

Drug—Drug Pharmacokinetic Interactions

In addition to having pharmacodynamic additive effects,
pharmacokinetic drug-drug interactions between these medicines can
cause even greater exposure and QTc prolongation. While bedaquiline
is metabolized mainly via the CYP3A4 pathway, the concomitant use
of a strong CYP3A4 inhibitor increases the blood level of bedaquiline
and increases its QTc¢ effect®. Despite clofazimine being a nonsubstrate
for CYP enzymes, it can weakly inhibit CYP3A4 in the gut, causing
increased exposure to bedaquiline.

In the case of MDR-TB in Human Immunodeficiency Virus (HIV)
coinfected patients on antiretroviral therapy, the extent of drug
interaction increases. In such circumstances, lopinavir/ritonavir,
widely used in resource-limited settings, is a strong inhibitor of
CYP3A4 and is known to increase the plasma Area under the curve
(AUC) of bedaquiline, consequently amplifying the effect on the QTc
interval*. Although now described as requiring careful consideration

Table 1. Summary of major clinical trials evaluating the QTc prolongation outcomes in MDR-TB treatment regimen

Trial Design N
Open-label, multicentre,
randomised, non- 1436
inferiority

STREAM Stage 2%

Open-label, randomised,
controlled, phase

2-3, multi-arm, non-
inferiority

TB-PRACTECAL**

Open-label, single-arm

Regimen(s)

Bedaquiline + clofazimine +
fluoroquinolone-containing
regimens vs standard-of-care

BPaL, BPaLC, BPaLM
439 vs standard-of-care (all
rifampicin-resistant TB)

Bedaquiline + pretomanid + QTc increase ~10

QTc Outcome Key Conclusion

Regular ECG monitoring warranted;
clinically severe QTc prolongation
uncommon

QTcF =500 ms in
3-6% of participants

Highest mean

peak QTcF 446.5

ms in clofazimine-
containing arm
(BPaLC); only 1 QTcF
>500 ms recorded
overall

Clinically significant QTc
prolongation rare under intensive
monitoring, even with 3-drug
combinations

Maximum mean
QTc effect attributable to bedaquiline

e TR23
Nix-TB trial 109 linezolid (BPaL) for XDR-TB ms; no prolongation  component of BPaL, not linezolid
attributed to linezolid
Cardiac adverse Supports attribution of QTc effect to
ZeNixt Randomised, dose- 181 BPaL with varying linezolid events comparable T R w— R

finding trial doses
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across linezolid-dose
arms

linezolid
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and monitoring, a programmatic combination of both medicines still
occurs among MDR-TB and HIV-coinfected patients.

HYPOKALEMIA AND HYPOMAGNESEMIA AS
MODIFIERS OF RISK FACTORS

Prevalence of Electrolyte Disturbances in MDR-TB

The electrolyte imbalances noted in MDR-TB patients are not
coincidental; rather, they are the predictable outcome of both the
pathophysiology and therapy of the disease. Malnutrition is common
among patients with MDR-TB, particularly at treatment initiation;
most of the patients with MDR-TB suffer from moderate to severe
malnutrition at the beginning of the therapy®. This condition leads to a
decrease in the body stores of potassium and magnesium intake, thus
creating the basis for electrolyte deficiency even before the effect of the
drugs come into play.

Companion drugs in MDR-TB regimens contribute substantially to
electrolyte losses, as both ethionamide and protionamide frequently
cause nausea and vomiting leading to gastrointestinal losses of
potassium and magnesium*. The new drug in preferred MDR-TB
regimens, linezolid, leads to nausea, diarrhea, and decreases appetite in
a significant number of patients. Furthermore, clofazimine may lead to
gastrointestinal complications by itself, inducing abdominal pain and
diarrhea in most patients®.

In a retrospective case series of MDR-TB patients in Lima, Peru,
hypokalemia (serum K* < 3.5 mEq/L) was detected in 31.3% of
patients, with hypokalemia and hypomagnesemia identified as
important adverse reactions of MDR-TB therapy, particularly among
patients receiving capreomycin, highlighting the clinical importance of
electrolyte monitoring in this population®.

Electrophysiological
Prolongation

Mechanism of Hypokalemia-Driven QTc

The electrophysiology of how hypokalemia contributes to QTc
prolongation is straightforward yet paradoxical. One might expect that
lowering the concentration of extracellular potassium should increase
the outward potassium gradient and hasten repolarization, but this is
not what happens'’.

The hERG channel undergoes C-type inactivation, whereby the
channel quickly enters an inactivated state after it opens. To come out
of the inactivated state which is essential to generate outward current
the channel needs a particular extracellular potassium to occupy a
binding site in its outer vestibulum. With a low level of extracellular
potassium, the binding site is under-filled, the channel cannot come
out of inactivated state, remaining non-conductive?. Thus, a functional
decrease in IKr occurs despite having an unblocked and intact channel
and a fully parallel mechanism to drug hERG block.

Studies measuring the effects of varying levels of hypokalemia on
QTc have obvious ethical restrictions since deliberate induction of an
electrolyte imbalance is not feasible®. Yet available evidence confirms
the relationship between them. Osadchii et al. showed in their
study with experimental heart preparation that IKr declined as the
extracellular potassium was lowered from 4.0 to 2.0mEq/L in a nearly
linear manner"’.

Hypomagnesemia:
Potassium Depletion

Primary Effects and Secondary

Magnesium acts as a cofactor in more than 300 enzymatic processes,
among which is Na*/K*-ATPase, an enzyme crucial for maintaining
the intracellular concentration of potassium. The deficiency of
magnesium adversely affects Na'/K*-ATPase activity, leading to
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increased potassium loss through urine and decreased effectiveness of
oral potassium intake®.

This relationship is clinically significant since cases of hypokalemia
resistant to supplementation in the absence of previously corrected
hypomagnesemia have been reported. Patients with hypomagnesemia
receiving intensive oral or intravenous potassium supplementation
showed only temporary normalization of their serum potassium levels
until further supplementation was stopped, due to persistent potassium
loss through the urine*. It should be noted that the administration of
multiple agents causing loss of both potassium and magnesium might
lead to the development of progressively resistant electrolyte imbalance
in MDR-TB patients.

Magnesium also affects cardiac membranes in a direct way by blocking
voltage-dependent sodium and calcium channels and decreasing the
frequency of EAD formation, increasing the threshold of triggering
mechanisms for TdP formation®. Based on this knowledge, magnesium
sulfate needs to be administered intravenously at the onset of TdP and
used as a prophylactic administration TdP in patients receiving QTc-
prolonging agents.

Quantifying the Combined Drug and Electrolyte QTc
Risk

Pharmacologically derived conceptual framework for risk assessment
of drugs in combination with electrolyte-induced prolongation of QTc
relies on pharmacological effects of all involved agents together with
their effects on electrolytes’ concentrations®.

In a patient with MDR-TB, a baseline QTc that is already near the
upper normal range can become clinically concerning during treatment
with bedaquiline, clofazimine, and fluoroquinolone, especially if
hypokalemia or hypomagnesemia is present’. Rather than presenting
a precise additive estimate, it is more defensible to state that this drug
combination, together with uncorrected electrolyte abnormalities, can
raise QTc into a range that approaches or exceeds 500 ms, which is
consistent with observed MDR-TB cohorts. Correction of reversible
factors, particularly potassium and magnesium deficits, is therefore
important when interpreting QTc risk during MDR-TB therapy*.

RISK STRATIFICATION, MONITORING, AND
CLINICAL MANAGEMENT

Patient-level risk assessment

QTc risk stratification guidelines need to be applied systematically
before starting any MDR-TB regimen incorporating two or more drugs
with QTc-prolonging capability*”.

Clinical factors for QTc prolongation and development of TdP
include female gender (women have an inherent 10-15 ms higher QTc
compared to men do and are twice as likely to develop TdP caused by
medications), aged over 60 years, cardiac disease (especially structural
heart disease, heart failure, and bradycardia), congenital long QT
syndrome, hepatic dysfunction, which decreases bedaquiline clearance,
and the administration of other drugs that can prolong QTc'>*.

Baseline 12-lead ECG should be done before starting bedaquiline or
any other QTc-prolonging MDR-TB medication. In patients with
baseline QTc values exceeding 450 ms in men or 470 ms in women
require careful evaluation, correction of reversible risk factors, and
closer ECG monitoring before initiation of QT-prolonging therapy’.
Baseline electrolyte panels, including potassium, magnesium, and
calcium, should also be performed simultaneously with the ECG, and
the correction of identified abnormalities, if present, ideally would be
done before treatment initiation.
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WHO and International Programme Guidance on QTc
Monitoring

The WHO consolidated guidelines for tuberculosis 2022 contain
specific guidelines regarding QTc monitoring in patients receiving
bedaquiline. Electrocardiography monitoring should be performed
prior to treatment; at weeks 2, 4, 8, and 12 during the intensive
phase; and then monthly after that period’. Monitoring of electrolytes
should be done similarly, although in resource-limited settings,
implementation may be challenging?.

Electrolyte Monitoring and Correction Protocol

Monitoring of electrolytes in MDR-TB patients on treatment should
ideally be done at least once per month; more frequent monitoring may
be considered when QTc approaches clinically significant thresholds
or electrolyte abnormalities are detected. Serum potassium and serum
magnesium are the most important electrolytes to be monitored since
magnesium plays a critical role in the functioning of Na*/K*-ATPase
pumps. Also, monitoring of serum calcium is important since QTc is
prolonged in patients with calcium imbalances and it is associated with
hypomagnesemia®.

The target electrolyte values for correcting electrolyte imbalances in
QTc-prolonging MDR-TB drugs should aim at higher concentrations
than the normal clinical lower limits®**".

For serum potassium, a target of > 4.0 mEq/L is advised (as compared
to the normal lower limit of 3.5 mEq/L). This is because the potassium
value offers enough repolarization reserve when it is near normal.
Maintaining serum magnesium within the normal range (preferably
around or above 0.85 mmol/L in high-risk patients) is reccommended as
the serum magnesium to provide adequate function of Na*/K*-ATPase
enzymes and reduce the potassium loss caused by hypomagnesemia.

One important principle is that of magnesium first. Hypokalemia must
not be addressed solely using potassium. This is because in the absence
of magnesium, potassium will be quickly eliminated by the kidneys;
hence, no benefit is realized**. Where intravenous administration
of magnesium is not possible due to resource limitations, oral
administration using magnesium glycinate or magnesium oxide serves
the purpose well if a patient does not have severe magnesium deficiency.

Drug Modification Strategies for Elevated QTc

When QTc reaches or exceeds established critical thresholds, a
hierarchical approach for the drug modification can be applied. The
modification will be based on balancing between QTc risk and the
microbiologic/clinical importance of the drug in the regimen®.

The first modification step is a substitution of moxifloxacin by
levofloxacin, which decreases the effect of fluoroquinolone on QTc
by about 6-8 ms but still preserves its antimicrobial activity despite
lower activity in multidrug-resistant strains of Mpycobacterium
tuberculosis®**.  Substitution can be considered in patients with

progressive QT prolongation after correction of reversible causes.

If QTc is elevated further despite switching to another fluoroquinolone
and aggressive correction of electrolytes, then one must reconsider its
administration®. It is better to avoid stopping this drug, as it plays a
crucial role in contemporary MDR-TB regimens. If it is impossible,
alternative regimens should be individualized according to WHO
recommendations and drug susceptibility results.

Delamanid, a nitro-dihydro-imidazooxazole with high antimicrobial
activity, causes an elevation of QTc by about 8.6 ms through inhibition
of both IKr and IKs currents*. Delamanid alone cannot serve as a safe
alternative for bedaquiline in the cases of increased QTc but might be
incorporated into individualized regimens when clinically appropriate.
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Its use together with bedaquiline requires a strict evaluation of benefits
vs risks.

SPECIAL POPULATIONS
HIV Coinfected Patient

HIV-positive patients are at the greatest risk of drug-induced QTc
prolongation due to the high baseline prevalence of malnutrition, a
higher risk of developing electrolyte abnormalities due to the effects
of antiretroviral medication and HIV enteropathy, and the presence
of several other agents which are known to prolong the QTc interval
within the antiretroviral regimen®. The most clinically significant
drug interaction with the bedaquiline regimen is with lopinavir/
ritonavir. This combination results in an increase in the AUC of the
bedaquiline drug profile by approximately 22%, leading to an elevated
level of the drug in circulation and subsequently to QTc prolongation®.
The combination of these drugs should be avoided if possible, and
substitution of the antiretroviral regimen is preferred if possible, with
preference given to a regimen that includes dolutegravir, which does
not inhibit CYP3A4 or prolong the QTc interval itself.

A prospective study evaluating bedaquiline-related QTc prolongation in
patients with multidrug-resistant tuberculosis (MDR-TB) reported that
11.3% of patients developed mild QTc¢ prolongation, 3.8% experienced
moderate prolongation, and 1.9% developed severe QTc prolongation
during treatment. Temporary withdrawal of bedaquiline (BDQ) was
required in 1.96% of patients during the first 3 months of therapy
because of severe QTc prolongation. By the 6-month follow-up, QTc
abnormalities had improved considerably, with no patients exhibiting
severe QTc prolongation and only 1.9% continuing to have moderate
QTc prolongation. These findings support the overall cardiac safety
profile of BDQ when used with appropriate monitoring and reaffirm its
central role in the treatment of multidrug-resistant tuberculosis. They
also underscore the importance of regular electrocardiographic (ECG)
and QTc monitoring, particularly during the first 3 months of therapy,
when the risk of clinically significant QTc prolongation is highest™.

Diabetic and Elderly Patients

Patients with autonomic neuropathy in diabetes mellitus (DM) are
prone to impaired cardiac rate adaptation and QTc¢ prolongation and
are hence vulnerable to a greater risk of developing QTc prolongation
induced by medications®. In addition, antihypertensive diuretics such
as thiazide and loop diuretics, which are often used in diabetic patients,
contribute to potassium and magnesium wasting and establish or
exacerbate electrolyte deficiencies in MDR-TB therapy. Elderly patients
(aged > 60 years) have a higher absolute risk of TdP associated with the
use of medications that induce QTc¢ prolongation owing to a decreased
capacity to handle electrolyte disturbances, increased polypharmacy,
and advanced age.

A review by Maranchick et al. on the role of therapeutic drug monitoring
(TDM) in the treatment of multidrug-resistant tuberculosis (MDR-TB)
highlights that DM impairs the hostimmune response to Mycobacterium
tuberculosis, resulting in more rapid disease progression and a higher
mycobacterial burden. It also notes that altered pharmacokinetics in
patients with DM, together with adverse effects of anti-tuberculosis
drugs that may overlap with the progression of DM, can complicate
treatment. Furthermore, evidence summarized in the review indicates
that patients with DM are more likely to exhibit delayed treatment
responses and subtherapeutic anti-TB drug concentrations, supporting
the potential utility of TDM in this population. By incorporating TDM
into clinical practice, clinicians can distinguish adverse effects related
to drug overexposure from those associated with disease progression
and optimize dosing to improve treatment efficacy while minimizing
toxicity”’.
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Paediatric MDR-TB

In May 2020, the US FDA expanded the approval of bedaquiline to
include children aged =5 years and weighing at least 15 kg with
pulmonary MDR-TB. Subsequently, the WHO initially recommended
bedaquiline for children aged 6-17 years (2020 guidance), and later, in
its 2022 consolidated guidelines, conditionally recommended its use
in children of all ages, including those younger than 6 years, as part
of an all-oral regimen for MDR/RR-TB*. QTc¢ levels vary with age in
pediatrics; thus, age-appropriate reference values must be used when
interpreting QTc levels in this group. Electrolyte disturbances may
be accentuated in this group because of the high incidence of enteric
pathology and the higher metabolic demands related to growing.

A Phase II, open-label, multicenter, single-arm study evaluating
bedaquiline in 30 pediatric patients with multidrug-resistant
tuberculosis (MDR-TB)* demonstrated that the drug was generally
well tolerated. The 24-week safety analysis identified arthralgia, nausea,
abdominal pain, QTc prolongation, and hepatotoxicity as the most
reported adverse events, with children exhibiting a more favorable
safety profile than that typically observed in adults®.

Risk Prediction

Current prediction models therefore have important limitations, as
they rely predominantly on baseline demographic and treatment-
related variables and do not account for dynamic biochemical changes
that occur during therapy®-¢.

Accumulating  evidence indicates that hypokalemia and
hypomagnesemia are major modifiable contributors to drug-induced
QTc prolongation by impairing myocardial repolarization and
increasing susceptibility to ventricular arrhythmia, particularly in
patients receiving multiple QT-prolonging agents®>®.

Population ~ pharmacokinetic-pharmacodynamic  analyses  of
bedaquiline have further demonstrated that lower serum potassium
and calcium concentrations are associated with longer QTc¢ intervals,
supporting the biological relevance of electrolyte status in determining
QT risk®7°,

Some programs have adopted a QTc prediction tool for patients
receiving bedaquiline, and the published nomogram is derived from
baseline QT¢, creatinine, sex, resistance status, and coadministration
of fluoroquinolones or clofazimine and does not include electrolyte
parameters’!. The inclusion of baseline QTc values, serum potassium
levels, serum magnesium levels, sex, and other risk factors for QTc
prolongation in a score will allow the development of a practical
decision support tool.

A clinical scoring system has been derived using the RISQ-PATH study,
which uses patient factors, concomitant diseases, QT-prolonging drugs
taken by patients, and biochemical factors for QTc prolongation due to
medications”™. Although this study does not directly focus on MDR-TB
patients, it emphasizes the need for inclusion of electrolyte factors in
such a risk prediction model.

A relatively new method of risk stratification is the use of biomarkers to
move past the current use of strict clinical and demographic parameters
in predicting risk”. This research study has managed to identify
specific urine biomarkers that have been found to predict prolonged
QTc intervals in MDR-TB patients undergoing treatment using
bedaquiline. In essence, this represents a biological risk stratification
approach that serves as an alternative to the current models based only
on clinical and demographic parameters; however, this method is still
at a preliminary stage and requires external validation before it can be
utilized practically in limited resource settings for MDR-TB patients.
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Future studies for risk prediction in MDR-TB patients must include
repeated measurements of potassium and magnesium levels in
serum. QTc prediction tools should integrate both static and dynamic
risk factors, including serial serum potassium and magnesium
concentrations, baseline QTc interval, renal function, sex, age,
comorbidities, and concomitant QT-prolonging medications. Such
approach could improve predictive accuracy, enable real-time risk
stratification, facilitate timely electrolyte correction and medication
adjustment, and ultimately reduce treatment interruptions while
improving the cardiac safety of bedaquiline-containing MDR-TB
regimens. Prospective multicenter studies are warranted to validate
electrolyte-integrated prediction models before their implementation
in routine clinical practice.

DISCUSSION AND CONCLUSION

Theoretical mechanisms suggest that imbalances in key electrolytes,
notably potassium and magnesium, can significantly affect cardiac
repolarization processes’. For example, reductions in potassium levels
can prolong the cardiac action potential, thereby potentially increasing
the risk of QTc prolongation”. However, these associations primarily
stem from laboratory studies and require clinical validation.

Several observational studies have reported a correlation between
electrolyte disturbances and QTc¢ prolongation in various populations,
including those undergoing treatment for MDR-TB®. While these
findings underscore the association, it is essential to note that they often
involve confounding factors, such as the effects of co-administered
medications, that may also influence QTc dynamics™. Therefore, while
there is supporting evidence, the strength of these observational studies
varies, and conclusions should be drawn with caution.

Currently, there is limited direct clinical evidence linking electrolyte
disturbances specifically to adverse clinical outcomes, such as torsades
de pointes, in patients being treated for MDR-TB. Few randomized
controlled trials have been conducted to establish a definitive causal
relationship”””%. This absence of robust clinical data implies that while
the theoretical risk exists, it has not yet translated into clearly defined
clinical outcomes in this specific patient population.

Based on available expert opinions and research evidence, three crucial
clinical takeaways can be outlined. The first is the inclusion of regular
electrolyte screening as an integral part of the QT'c monitoring routine
among MDR-TB patients, at least once per month or more frequently
if the patient’s QT values approach the danger zone. In such cases,
the recommended electrolyte correction strategy is to maintain
potassium >4.0 mEq/L” and correct magnesium deficiency (preferably
to > 0.85 mmol/L in high-risk patients), which may reduce QT-related
risk. Moreover, the second goal is to follow the magnesium-first rule
since potassium replenishment would not help without addressing
concurrent hypomagnesemia'®. Finally, the third recommendation is
to switch to levofloxacin when the patient’s QTc approaches 480 ms;
this intervention is associated with a reduction in QT¢ prolongation of
6-8 ms in most cases>®.

Overall, while electrolyte disturbances theoretically contribute to QTc
prolongation and warrant clinical attention, the evidence supporting
this relationship remains primarily observational and mechanistic.
Given the complexity of managing patients with evolving electrolyte
levels, particularly in those with additional risk factors such as HIV
infection or DM, a cautious approach is to monitor and manage
these levels closely in clinical practice. Future research is warranted
to establish the real-time impact of electrolyte management on QTc
prolongation, specifically through well-designed clinical trials to clarify
these associations. The clinicians should maintain vigilance for QTc
prolongation, recognizing that while risks are present, the current
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evidence base does not fully substantiate them with proven clinical
outcomes. Further research will help elucidate these relationships and
guide more definitive recommendations.

Future Directions

There are no prospective clinical trials that have been conducted to
determine whether the additive effect of bedaquiline-clofazimine-
fluoroquinolone on the increase in QTc is dependent on baseline and
evolving electrolyte levels. Furthermore, the role of pharmacogenomics
in QTc assessment in MDR-TB needs to be explored. Known genetic
variants in the KCNH2 (hERG) and KCNQ1 (KvLQT1) genes and their
downstream pathways have been linked to increased sensitivity to QTc-
prolonging medications in the general population needs to be studied"".

Optimal electrolyte supplementation regimen for MDR-TB patients on
QTc-prolonging therapy remains untested in a randomized controlled
trial. Current recommendations regarding electrolyte target in the
MDR-TB population with QT¢ prolongation are based on extrapolation
of general cardiovascular practices’. Randomized controlled trials with
comparisons of standard treatment against intensive protocol-based
electrolyte supplementation targeting K* and Mg** concentrations
will help clarify whether this approach improves cardiac safety among
MDR-TB patients.
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