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Bedaquiline resistance probability i

to guide treatment decision making
for rifampicin-resistant tuberculosis: insights
from a qualitative study
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Abstract

Background: Bedaquiline (BDQ) is a core drug for rifampicin-resistant tuberculosis (RR-TB) treatment. Accurate
prediction of a BDQ-resistant phenotype from genomic data is not yet possible. A Bayesian method to predict BDQ
resistance probability from next-generation sequencing data has been proposed as an alternative.

Methods: We performed a qualitative study to investigate the decision-making of physicians when facing different
levels of BDQ resistance probability. Fourteen semi-structured interviews were conducted with physicians experi-
enced in treating RR-TB, sampled purposefully from eight countries with varying income levels and burden of RR-TB.
Five simulated patient scenarios were used as a trigger for discussion. Factors influencing the decision of physicians to
prescribe BDQ at macro-, meso- and micro levels were explored using thematic analysis.

Results: The perception and interpretation of BDQ resistance probability values varied widely between physicians.
The limited availability of other RR-TB drugs and the high cost of BDQ hindered physicians from altering the BDQ-con-
taining regimen and incorporating BDQ resistance probability in their decision-making. The little experience with BDQ
susceptibility testing and whole-genome sequencing results, and the discordance between phenotypic susceptibility
and resistance probability were other barriers for physicians to interpret the resistance probability estimates. Espe-
cially for BDQ resistance probabilities between 25% and 70%, physicians interpreted the resistance probability value
dynamically, and other factors such as clinical and bacteriological treatment response, history of exposure to BDQ,
and resistance profile were often considered more important than the BDQ probability value for the decision to con-
tinue or stop BDQ. In this grey zone, some physicians opted to continue BDQ but added other drugs to strengthen
the regimen.

Conclusions: This study highlights the complexity of physicians'decision-making regarding the use of BDQ in RR-TB
regimens for different levels of BDQ resistance probability.. Ensuring sufficient access to BDQ and companion drugs,
improving knowledge of the genotype—phenotype association for BDQ resistance, availability of a rapid molecular
test, building next-generation sequencing capacity, and developing a clinical decision support system incorporating
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BDQ resistance probability will all be essential to facilitate the implementation of BDQ resistance probability in per-

sonalizing treatment for patients with RR-TB.
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Introduction

In 2012, Bedaquiline (BDQ) was the first new tuber-
culosis drug approved by the United States Food and
Drug Administration in nearly 50 years. BDQ is a game-
changer for the treatment of rifampicin-resistant tuber-
culosis (RR-TB) as it enabled the replacement of a long,
toxic regimen with a short, all-oral regimen [1-4]. In the
context of the COVID-19 pandemic, the importance of
the all-oral regimen has been highlighted since it facili-
tates home-based care for vulnerable TB patients [5].
Currently, the World Health Organization (WHO) rec-
ommends BDQ as one of three core drugs that should be
included in all RR-TB treatment regimens [4].

Despite the endorsement of BDQ ten years ago, access
to BDQ-containing regimens still varies across countries
and is impacted by multi-level factors. Structural barri-
ers to BDQ access include the lag in BDQ registration
with national regulatory bodies, difficulties in setting up
the required pharmacovigilance system, lack of access to
companion drugs, and restriction of BDQ to in-patient
settings [6—8]. The cost of BDQ also plays a role, espe-
cially in high-income countries, with a cost of €23,000
per 6-month course in European countries as compared
to €340 in low- and middle-income countries [9, 10]. In
addition, the decision to initiate BDQ could also depend
on patient characteristics, especially in children, preg-
nant women or patients with extrapulmonary TB [4],
and physician-related factors, particularly their attitude
towards innovation, risk and uncertainty [11, 12].

Soon after the introduction of BDQ, resistance was
already observed [13, 14]. The emergence of resistance
in combination with challenges in assessing resistance to
BDQ hinder the effective use of BDQ. Phenotypic drug
susceptibility tests (pDST), the current gold standard,
take up to six weeks to perform, are not yet standardized
and the critical concentration cut-offs are still based on
interim recommendations [15-17]. A rapid genotypic
DST (gDST) is not yet available for BDQ, in part due to
the incomplete understanding of the association between
the presence of variants in candidate BDQ resistance-
conferring genes and BDQ phenotype. In fact, in the
2021 WHO catalogue of mutations in Mycobacterium
tuberculosis (Mtb) complex, no variants met the criteria
for association with BDQ resistance [18]. To overcome
this challenge, a Bayesian approach has been proposed
to predict the probability (and 95% credible interval) of a
BDQ resistant phenotype from genotypic data [19]. The

Bayesian approach is conceptually similar to how clini-
cians approach the diagnostic process and the selection
of a treatment regimen [20, 21].

While promising, it is unclear how physicians would
use the probability estimate of BDQ resistance in their
decision to prescribe BDQ for the treatment of RR-TB.
In this study, we aimed to investigate the decision-mak-
ing process of physicians in prescribing BDQ in the
face of different levels of probability of BDQ resistance.
Specifically, we qualitatively explored the perception of
physicians on BDQ resistance probability, the factors
influencing decision of physicians to prescribe BDQ, and
the interaction between BDQ resistance probability and
other factors in the decision-making process.

Methods

Study design

An exploratory qualitative study was conducted using an
interpretative description approach to generate knowl-
edge relevant to the clinical context [22]. This approach is
pragmatic, flexible, and allows the combined exploration
of lived experience and perception of new knowledge to
inform innovation of practice. The conduct and report
of this study were guided by the consolidated criteria for
reporting qualitative research [23].

Study participants

Physicians experienced in RR-TB management were
purposively selected with maximum variation sampling
strategy to obtain broad insight into the phenomenon
studied [20]. To include participants as diverse as pos-
sible, the selection criteria were related to the burden
of multi drug-resistant TB (MDR-TB) (high versus low)
and economic status (low, lower-middle, upper-middle
or high income) of their country of residence, the cost of
BDQ in their country (high versus low) [5, 10], partici-
pants’ years of experience in RR-TB treatment (<2 years
versus > 2 years), and type of hospital (academic/research
hospital versus non-academic hospital). The inclusion
of participants was stopped when data saturation was
reached.

Data collection

Prior to the interview, a short, structured questionnaire was
sent to the participants to collect information about their
demographic characteristics, experience in RR-TB treat-
ment and the use of BDQ in their setting (Additional file 1).
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Participants also received five hypothetical patient sce-
narios (Additional file 1) that reflected diverse but realistic
patient characteristics, and were asked to decide whether
to prescribe BDQ for each patient or not. The scenarios
served as the trigger for the interview. Semi-structured
online interviews of approximately 1 h were conducted in
English, Portuguese, Vietnamese or Ambharic by research
staff members trained in qualitative research methodol-
ogy and practice. The questionnaire, patient scenarios and
interview guide (Additional file 2) were guided by studies
on factors influencing clinical decision making [11, 24—26],
WHO guidelines on the treatment of drug-resistant tuber-
culosis [4], input from an expert panel consisting of mem-
bers of the Tuberculosis Omics ResearCH consortium [27]
and the multidisciplinary research team. During the inter-
view, participants were first asked about their perception
and practice of BDQ use. Next, the five patient scenarios
were discussed. Participants were asked to explain their
clinical decision-making process regarding prescribing
BDQ and probed about the influencing factors.

Data analysis

The interviews were audio recorded, transcribed ver-
batim, translated to English, and entered into NVIVO
Software 1.6.1 for analysis. Thematic analysis was
undertaken with a combination of deductive and induc-
tive approaches. A theoretical framework adapted from
Research and Development (RAND) Europe was used to
guide the deductive coding process [28]. Factors influ-
encing the decision to prescribe BDQ were classified as
operating at macro-level (national and international),
meso-level (healthcare facilities) and micro-level (patient
characteristics and physicians’ perceptions). We also
applied an inductive approach to capture unexpected
aspects raised by participants and the different ways
physicians assign meaning to BDQ resistance probabil-
ity, a novel concept introduced to the participants by the
researchers [29]. Our prior assumption was that BDQ
resistance probability will be interpreted as an individual
parameter and certain thresholds of high and low prob-
ability can be set to guide treatment decisions.

The first set of transcripts was analyzed by two
researchers (PHTT and DZA) to develop the codebook,
including the name of codes and themes, their defini-
tion and examples [30]. Coding was performed after each
interview and compared with the code identified from
preceding interviews to contrast the views and behav-
iors across participants and to test emerging explanations
within the data [31]. The codes were assigned, articulated,
and categorized into themes and subthemes and mapped
onto the RAND framework model. The multidiscipli-
nary research team (backgrounds in nursing, pharmacy,
molecular and microbiology, epidemiology and social
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science) held weekly meetings to discuss the emerged
themes and adapt the interview guide in order to capture
more data on unclear or controversial themes in upcom-
ing interviews. Once consensus was reached on the main
content of the codebook, all subsequent transcripts were
analyzed by one researcher (PHTT). After the data analy-
sis was finished, two feedback sessions were organized
with participants to confirm if the findings of the study
resonated with their perspectives and to receive feedback
about the findings.

Trustworthiness

Multiple strategies were employed to assure the trust-
worthiness of the study. To ensure credibility, patient sce-
narios were sent to the participants several days before
the interview, allowing prolonged participant engage-
ment, familiarization with the new concept of BDQ
resistance probability, and sufficient time for reflection
on each case [32]. Several participants were known to the
researchers in a professional context. The perception of
the researcher conducting the interview as a peer with
shared knowledge can make participants less reserved
and guarded, leading to more genuine data [33]. To maxi-
mize conformability, data were discussed among the
research team in weekly meetings to avoid investigator
bias in analysis and interpretation, and member check
was also conducted with participants through two feed-
back sessions. Transferability was enhanced by purposive
sampling of physicians with diverse backgrounds and by
describing the characteristics of participants and study
settings. Dependability was ensured by detailed docu-
mentation of study protocol, data collection and syn-
thesis process, and documentation of the changes and
decisions made during the study.

Results

Between August 2021 and November 2021, 22 physicians
were invited, and 14 physicians agreed to participate in
the study. Participants had a median age of 48 years, 57%
were male, 43% resided in countries with a high burden of
MDR-TB, most worked in academic or research environ-
ment (78.6%) and had a median of 10 years of experience
with RR-TB care (Table 1). Nine of the 14 participating
physicians reported that more than 75% of their patients
had access to BDQ and four (all from Brazil) reported
that BDQ was not yet accessible outside research stud-
ies. Participants worked in Belgium (n=1), the Nether-
lands (n=1), the US (n=1), the UK (n=1), Brazil (n=4),
South Africa (n=4), Ethiopia (n=1) and Vietnam (n=1).
Classification of MDR-TB burden [5], country income
level [34], status of BDQ registration [35], national eli-
gibility criteria for BDQ and conditions for BDQ access
[36—39], cost of BDQ [10] and access to whole genome
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Table 1 Characteristic of 14 study participants
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Characteristics

N (%) or median (range)

Age 474 (28.0-67.0)
Gender Male 8(57.1%)
Country classification High MDR-TB burden, low & lower-middle income country 2 (14.3%)
High MDR-TB burden, upper-middle income country 4 (28.6%)
Low MDR-TB burden, upper-middle income country 4 (28.6%)
Low MDR-TB burden, high income country 4 (28.6%)
Hospital type Academic/ Research site 11 (78.6%)
Non-academic/non-research hospital 3(21.4%)
Years of experience in MDR-TB care 10 (2.0-26.0)
Eligible patients receiving BDQ 0% 4 (28.6%)
>75% 2 (14.3%)
100% 7 (50%)
Missing 1(7.1%)

sequencing (WGS) for drug resistance profiling [40-43]
are listed by country in Table 2.

Structural factors at macro and meso-level influencing
BDQ prescription

Physicians stated that their BDQ prescription follows the
national guidelines and the WHO guidelines, in which
all patients (> 6 years) with newly diagnosed RR-TB are
eligible to receive BDQ (Table 2). In countries where
the limited availability of BDQ was a barrier for eligible
patients to access BDQ, physicians tended to reserve
BDQ for difficult cases.

Right now I have a little bit of BDQ, but having to
choose a patient, I would give it to the patient with
a lot of resistance, with a history of treatment aban-
donment, to try to save this patient. (Physician 06,
LB-MI)

Approval by a clinical advisory committee at the insti-
tutional, regional, or national level is a factor controlling
the use of BDQ in most countries (Table 2). Discussion
with the committee is always required to construct indi-
vidualized regimens for patients having a complicated
treatment history, severe comorbidities, extensively drug-
resistant TB (XDR-TB), or extra-pulmonary TB.

[...]Jsome patients who were already put on treat-
ment and defaulted or lost to follow-up, interrupted
the medication and then come back, we always say,
ask some advice. The last opinion on comorbidities,
Id say that, someone with, like, renal failure or dia-
betes mellitus come with RR-TB, I always ask ques-
tion, ask advice. In case of pre-XDR or XDR patient,
with uhm, more with um, extrapulmonary TB, like
the TB meningitis with resistance, I always ask for
advice of other clinicians. (Physician 09, HB-MI)

The availability of other RR-TB drugs also influences
the prescription of BDQ in the regimen.

But we have so little alternative that I kept think-
ing about all these scenarios here. BDQ is entering
the market [...] alone, so it will be used for all cases
indiscriminately. We still have LZD, which can help
BDQ, but we needed another drug, DLM, pretoma-
nid... For when you had this kind of scenario, you
had a choice, but sometimes we don’t have a choice.
(Physician 07, LB-MI)

The discrepancy in the cost of BDQ between coun-
tries influenced the way BDQ was prescribed. In low
and lower-middle-income countries where BDQ could
be purchased at a reduced price, the cost of BDQ use is
not a concern for physicians. In contrast, in high-income
countries, BDQ could hardly be withdrawn from the reg-
imen because of its high upfront cost.

So you can’t, you can’t buy a week or a month when
you, when we pay for BDQ, you just get the whole six
months. [...] I don’t like wasting money. I'm not going
to stop this unless I have to, I might add other drugs,
I won't stop it. (Physician 13, LB-HI)

Physicians’ perceptions of BDQ features, BDQ resistance
and accuracy of BDQ DST

All physicians perceived BDQ as an excellent drug with
high efficacy, tolerability, and good treatment outcomes.
The value of BDQ especially lies in its enablement of full-
oral regimens, shortening treatment duration, and reduc-
tion of pill burden, which enhances patient adherence.

So let’s suppose I had the BDQ here with me right
now to get me started. I would initiate everyone I
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could to replace injectables right away. I wouldn’t
think twice and try to make a shorter treatment
so that I could reduce the chance of abandonment
(Physician 07, LB-MI)

In general, physicians perceived BDQ as safer than
other TB drugs, especially as compared to injectable
agents. QT prolongation was the most cited toxicity risk
of BDQ, but physicians saw the risk of BDQ as minimal
and outweighed by its benefit.

It’s a safe drug. It’s easy to take. It's not associated
with any major adverse events or tolerability issues.
So I would tend to use it almost always, even in the
face of potential resistance. (Physician 03, HB-MI)

Four physicians stated that they could comfortably pre-
scribe BDQ in the absence of BDQ DST as they consid-
ered the risk of BDQ resistance to be low given its recent
introduction in routine care.

BDQ, it has been researched here, but it’s relatively
a new kid on the block with the TB treatment. And
a lot of the patients, um, coming from the drug sensi-
tive regimen, haven'’t had exposure to it yet, so if we
don’t have the drug susceptibility tests towards that,
we can just add it, because we know it’s a new drug
to the regimen and basically no history of previous
exposure. (Physician 02, HB-MI)

Other physicians took a more prudent view, especially
in the presence of poor adherence because of the excep-
tionally long half-life of BDQ.

So patients become lost to follow up at an early stage
of their treatment, but BDQ remains in the body
for a long, long time, if they are still, um, clinically
ill and have high number of organisms with only
BDQ on board, do you have a very high risk? [...]
We recently did a study with quite a number of the
adults on treatment, uh, became resistant, um, dur-
ing treatment. And I think one of the reasons for that
is, um, adult was not being adherent to treatment
and was only BDQ on board. (Physician 05, HB-MI)

For DST, most physicians did not have an opinion on
the accuracy of pDST and gDST for BDQ and simply
rely on what the laboratory reports. Some physicians
regarded pDST as the gold standard for clinical use, while
a physician acknowledged that pDST for BDQ is not
yet standardized and may thus not completely accurate.
Two physicians expressed skepticism for both gDST and
pDST because the laboratory results sometimes contra-
dicted patients’ response to treatment.

In my opinion, there is still no established standard,
right? I've already seen the WHO recommendations
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[...] on how to make the MIC and how to interpret
it properly, but it’s still a method that still doesn’t
have such high quality, but it’s logical that any docu-
mented resistance we'll appreciate. The same thing
for molecular biology, there are already several genes
that indicate resistance, [...] but in practice we are
still not sure, it can be like several low- or high-level
resistances that do not know if they present in the
phenotypic or not. So, I think they're in the process of
finding that out, both molecular and phenotypic are
not accurate. (Physician 10, LB-MI)

When pDST and gDST results are discrepant, physi-
cians had varied opinions on what test to rely on. Nine
physicians said they solely relied on pDST, one relied
more on gDST, and three others followed the DST that
reported resistance. Most physicians took other factors
such as BDQ exposure history and clinical response into
account when judging the DST report.

The first thing I would do is I would look and see
whether BDQ resistance is likely. So, uh, likelihood
is increased obvious with previous exposure to BDQ.
So if someone’s had interrupted the therapy. Or in
the case of exposure, if they’ve been exposed to some-
one who's got BDQ resistance. So I would combine
what I know of the patient’s history with, uh, the
result that I get from the genotype. (Physician 03,
HB-MI)

Physicians’ perception and interpretation of the BDQ
resistance probability estimate

The discordance between phenotypic susceptibility
observed in clinical isolates and the resistance probabil-
ity, along with the wide credible interval, placed some
physicians in a quandary.

Having genetic resistance and not having phenotypic
resistance, what does that say to me? Says I can use
the drug and it doesn’t seem like such an important
thing. So, I saw there that there are confidence inter-
vals that go up to 75%, but a confidence interval
varies from a little to a lot. I think what’s missing
is really experience.[...] We have never worked with
the WGS to make clinical decisions. We are used to
making decisions on phenotypic resistance, so I think
it is very difficult for the clinician to decide based on
that. (Physician 07, LB-MI)

Three physicians stated that they would only be con-
vinced if the genotypic result always translated into phe-
notypic resistance (i.e. 100% probability). Because they
were used to prescribing BDQ without knowing BDQ
DST results, two physicians stated that they may not
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incorporate the resistance probability into their decision-
making and only consider patient-related factors.

I told you previously that stopping BDQ, according
to the WGS, it will not make sense for me. Firstly, Id
say, I will deal with my clinical, my clinical and bac-
teriological presentation of my patient. (Physician
09, HB-MI)

One physician would not take resistance probability
into account because BDQ is considered as an irreplace-
able agent for RR-TB treatment.

According to what I read in your post, the accuracy
rate [of gDST] is only about 70%, not very high. And
if the patient is tested for that genotype, it is not nec-
essarily resistant to that drug. I only have BDQ as
the latest medicine. So I tend to think that even if the
results are resistant, I should still use it. And I moni-
tor the patient’s sputum response after that. (Physi-
cian 14, HB-LI)

There was a wide variation in what physicians consid-
ered a low or high resistance probability threshold. Ten
physicians would comfortably prescribe BDQ at resist-
ance probabilities of 10-25%. For three physicians who
greatly favored BDQ, this threshold could approach 50%
or even 70%.

I like the drug and I think that'’s why I'm a bit biased
towards it, but I would definitely want this proba-
bility to be as high as, as, as maybe 60, 70% before
I would say, wow, I think this patient is resistant to
BDQ, I won't use it (Physician 02, HB-MI)

Most physicians would always exclude BDQ when
the resistance probability is around 70%, but this could
be as high as 85% or as low as 50% for some physicians.
In between the two extremes, physicians referred to a
grey zone and regarded BDQ resistance probability as a
“dynamic” index or “tossing a coin” Encountering a BDQ
resistance probability in the grey zone prompted physi-
cians to deliberate the risks and benefits of including
BDQ given the patient’s characteristics and the number
of remaining treatment options.

I'm not sure. 1 think it [BDQ resistance probability]
is dynamic and would depend again on how, um,
how many other options I had compared to, um,
how worried I was about side effects. (Physician 11,
LB-HI)

So how high would it have to be for me to exclude? I
think, um, I think something like 30, 40% probably.
Maybe a little bit higher because we already know
at this point that there’s good clinical improvement.
(Physician 11, LB-HI)
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Some physicians advocated for a strategy of keeping
BDQ in the regimen without counting on it as a fully
active drug and adding other drugs to strengthen the
regimen.

I would still say the BDQ is still very much a core
drug and I, and I trust, but if it goes towards 40%, of
your, like in your cases, I would say I'm a bit nervous
about the drug. I'll add it, but I don’t know what'’s
going on. Um, so add other drugs just to support it.
(Physician 02, HB-MI)

Although physicians found it difficult to grasp the
concept of BDQ resistance probability, they were open-
minded and acknowledged that uncertainty is inevitable
in clinical practice.

In these clinical cases, I made these decisions just
because of the probabilities. If I only saw the resist-
ance result of yes or not, I wouldn’t use the BDQ, but
as it’s likely, it helped me a lot and I liked that. [...] I
hope you can actually have such a realistic probabil-
ity for us to use in practice. We miss it. We make a
lot of empirical decisions, and the more real labora-
tory studies, it helps. (Physician 10, LB-MI)

To facilitate the interpretation and communication
with patients, physicians stated they would need a clear
explanation of the scientific basis of the BDQ probabil-
ity estimate, the meaning of the probability, and its 95%
credible interval. Furthermore, they felt that a clinician-
friendly-algorithm published as a guideline with level of
evidence and recommendation would be helpful.

You're going to have to develop a method to make
these sequencing results more clinician-friendly,
as there are many things to consider. First, for this
treatment that is being carried out, do you only have
BDQ as the most potent drug? Or so, we don’t know
how to use WGS results, and we will need to enter
the new generation of sequencing, which maybe is the
truth of the 21st century. So, we need to develop a
better algorithm so that the clinician can be guided.
(Physician 07, LB-MI)

Impact of patient characteristics
Treatment response was considered the most influential
factor for most physicians, with good clinical and micro-
biological response being cited by 11 physicians as the
main reasons to continue BDQ.

The main factors that influenced my decision was
that the patient clinically was doing well. [... ]I would
definitely say whatever regimen I've got the patient
on is actually tolerating and is actually doing well
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on it. (Physician 02, HB-MI)

Other physicians found that one month follow-up (i.e.
the time when gDST results would become available) is
too short to evaluate the microbiological response. Physi-
cians also stressed the importance of investigating alter-
native reasons for a poor clinical response.

[...] I would keep BDQ in that situation. A month
with a positive 1+ bacilloscopy does not mean that
it did not work, after all, there is only one month left.
There are people who really take longer to get the
bacilloscopy negative, and even then, they get cured.
(Physician 10, LB-MI)

Patient exposure to BDQ was a determinant of BDQ
treatment decision. Previous treatment with BDQ or
having contact with a BDQ-treated patient steered seven
physicians away from prescribing BDQ.

So do I include BDQ here? Um, the sister got BDQ,
so at least, you know, there is some rationale, [...]
maybe it could make sense that there um, was, BDQ
resistance. (Physician 11, LB-HI)

There is variation in the way resistance profile influ-
ences the treatment decision. Depending on the drug
options left to construct a sufficient regimen, physicians
weighed the importance of BDQ resistance probability
estimate differently.

I would also add here that, um, this [the inclusion
of BDQ in the regimen] would depend much on
the availability of a, um, of other drugs that can
still build a very effective regimen, if is a, there’s no
chance to salvage the patient without it, maybe even
a smaller chance would, you know, justify its use.
(Physician 12, LB-HI)

Several physicians based their decision to prescribe
BDQ on the susceptibility of other drugs in the regimen.
If the strain has some resistance probability to BDQ but
is susceptible to other drugs in the regimen, physicians
would often still prescribe BDQ.

In fact all other drugs in the regimen, they are active,
they have no resistance to any other quinolone or
injectable, [...] as the patient is having a great evolu-
tion, there is no resistance at that value here, and in
this scenario with five drugs, even if BDQ is partially
resistant the other drugs could do the job of helping
BDQ. (Physician 07, LB-MI)

The presence of fluoroquinolone resistance did not play
a role in the decision making of two physicians, nine phy-
sicians were more likely to prescribe BDQ in case of fluo-
roquinolone resistance, and one was concerned about the
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use of BDQ in case of fluoroquinolone resistance as this
could increase the risk of BDQ resistance.

The patient has cavitation, large cavitation, number
two, the patient has RIE INH resistance and he has
FQs resistance. My reason [to prescribe BDQ] is the
patient already is already pre-XDR patient. (Physi-
cian 09, HB-MI)

[If WGS shows resistance to FQs] Then I think that
the likelihood of BDQ resistance is higher, but I still
wouldn’t be reluctant to interrupt it because of the
benefits of the drug. (Physician 03, HB-MI)

Physicians had different views regarding the influence
of treatment adherence and social situation on BDQ
prescription. For one-third of participants, current or
history of non-adherence and social issues such as home-
lessness and alcohol abuse urged them to not prescribe
BDQ due to an increase in the risk of BDQ resistance. In
contrast, two physicians preferred BDQ for patients with
a history of non-adherence and complex social situa-
tions, as an all-oral BDQ-containing regimen would help
to improve patient adherence. Other physicians would
rather strengthen the regimen by adding other drugs and
reinforce patient adherence by hospitalizing the patient
or offering support to stabilize the patient’s social situ-
ation. During the feedback sessions, physicians agreed
that, from an ethical and social viewpoint, adherence
should not be a determinant to withhold BDQ.

So withholding a good drug just because you esti-
mate the patient to be poorly adherent would in
my view be very poor medicine. We have to put in
the effort to protect your drug, but also to treat the
patient. (Physician 01, LB-HI)

Toxicity of BDQ was not considered a concerning fac-
tor. Most physicians would only suspend BDQ in case
of QTc>500 ms or symptomatic QTc prolongation. In
cases of less pronounced QTc prolongation, physicians
would first stop other QTc-prolonging drugs before stop-
ping BDQ. Similarly, BDQ would be the last drug to be
withdrawn from the regimen when the patient has ele-
vated liver enzymes.

So I wouldn’t be surprised if she had elevated liver
enzymes because she’s immunocompromised with
tuberculosis. [...] Of course Id look for any other
potential causes, but, um, I would only start being
anxious about BDQ and at five times upper limit
normal. And even then it would be the last thing on
my list. (Physician 03, HB-MI)

A few physicians cited that their treatment decision is
influenced by baseline bacillary burden at and absence or
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presence of cavitary TB. The type of TB only played a role
when it involved TB meningitis, as data on central nerv-
ous system penetration of BDQ is scarce. Four physicians
would keep BDQ as a core drug for TB meningitis treat-
ment while others tended to leave out BDQ, particularly
in the context of high BDQ resistance probability.

If it's only TB meningitis, then yeah, I would be less
likely to use BDQ, I mean, based on my understand-
ing of BDQ penetration into the CNS, I think there’s
some data suggesting it's not great and certainly it's
not labeled that way. So, um, I think taking every-
thing together with this significant chance of resist-
ance [47%], I probably wouldn’t. (Physician 11,
LB-HI)

Pregnancy status, age and body mass index of the
patient did not influence the physicians’ decision to
use BDQ. HIV status and comorbidities of patient may
require physicians to take more precaution with drug-
drug interaction, but not necessarily lead to changing the
regimen.

You know, we can actually include BDQ, uh, without
causing too much chaos in the ART regimen. I would
definitely still add it into the patient, this young
child regimen (Physician 02, HB-MI)

Discussion

Since 2012, BDQ has become increasingly important for
RR-TB treatment [4], but efficient use in routine care is
challenging due to the limited availability of standard-
ized BDQ DST worldwide [16, 44]. While DST results are
communicated as resistant or susceptible, this is not (yet)
possible for BDQ due to lack of confident classification
of genotype—phenotype associations [18, 45]. We there-
fore explored the decision-making process of physicians
in prescribing BDQ when data is presented as resistance
probabilities accompanied by a 95% credible interval.
Physicians saw the clinical value in BDQ resistance prob-
ability estimates for patient care but found it challenging
to define what they considered as low or high resistance
probability. Furthermore, they interpretated and used the
probability value in a dynamic rather than a static way,
where the interpretation of the resistance probability was
influenced by patient characteristics such as response to
treatment, drug resistance profile, and BDQ exposure
history.

Dealing with uncertainty and probability is an impor-
tant feature of daily clinical decision-making. The
“threshold approach” is often used, in which physicians
weigh the risks and benefits of testing and treatment.
A disease is ruled out when the probability of disease is
lower than the test threshold or treatment is started when
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the probability is higher than the test-treatment thresh-
old [46]. Our results show that physicians could take a
conceptually similar approach regarding the use of BDQ.
They would prescribe BDQ when the resistance prob-
ability is below a certain threshold or exclude BDQ if the
probability is above a certain threshold. Between these
two thresholds, physicians would jointly deliberate other
patient characteristics to weigh the benefit of continuing
BDQ, stopping BDQ, or keeping BDQ but strengthen the
regimen with additional drug(s). While the approach of
re-enforcing the regimen when BDQ may be compro-
mised was not anticipated by the researchers, this could
be an attractive approach. Defining these thresholds for
such strategy may however be difficult as there was large
variation in the threshold values chosen by participating
physicians. Another concern to this strategy is that this
may increase the risk of selecting or amplifying BDQ-
resistant mutants when BDQ is not sufficiently protected
by companion agents [47]. This highlights the need of
obtaining comprehensive resistance profiles to guide
robust regimen construction, for which next-generation
sequencing is a promising solution [48].

At the macro and meso levels, we found that structural
factors influenced the interpretation and use of the BDQ
resistance probability estimate. The barriers posed by
affordability and regulatory issues that have been previ-
ously reported [49, 50] were confirmed by some of the
participating physicians. This underscores that the pro-
grammatic introduction and scale-up of BDQ requires
substantial efforts by national and international TB stake-
holders to allocate budget,create procurement, monitor-
ing and pharmacovigilance systems for BDQ [51, 52]. The
use of committees for approval of BDQ use in individual
patients and requirements of referral to specific health
care facilities further hindered access to BDQ. Access to
companion drugs also influenced the interpretation of
the BDQ resistance probability, especially when it nar-
rows down the options to replace or protect BDQ. This
confirms the findings of a study on early access to BDQ
performed in 2015, where lack of access to compan-
ion drugs was the most commonly reported country-
level barrier [8]. Guaranteeing adequate procurement of
affordable RR-TB drugs is thus essential to translate new
policies and guidelines into practice and to accelerate the
adoption of new advancements in TB care [53, 54].

At the micro-level, we found that perceptions of physi-
cians and especially patient characteristics influenced the
use of BDQ resistance probability estimates. Physicians
found it challenging to adopt the BDQ resistance prob-
ability into their clinical decision-making because of their
limited experience with DST for BDQ, unfamiliarity with
gDST and poor understanding of WGS results. The wide
confidence interval of the resistance probability currently
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limits the clinical interpretation of the resistance prob-
abilities value. The increasing knowledge of the molecu-
lar basis of resistance in the coming years should improve
the clinical usefulness of the BDQ resistance probability
value. Once ready to be implemented in routine care,
the BDQ resistance probability information should be
accompanied by a clear interpretation guide and a clini-
cian-friendly decision support system, such as a comput-
erized treatment recommender recently developed for
RR-TB [55]. Regarding patient characteristics, the clini-
cal and microbiological response to treatment, resistance
profile and BDQ exposure history emerged as factors that
strongly influence the interpretation of BDQ resistance
probability value. This is not surprising as these factors
have been associated with treatment outcome and risk
of the acquisition of BDQ resistance [56]. We found dif-
ferences in the way patients’ adherence and social situ-
ations impact physicians’ treatment decisions. While
participants agreed that providing support to reinforce
adherence should be the prioritized approach, studies
have shown variable effectiveness of these interventions
by settings and populations, which could explain the dif-
ference in the level of concern of physicians over treat-
ment adherence when prescribing BDQ [57]. Frailty of
patients (age, pregnancy, BMI), HIV status, risk of BDQ
side-effects and comorbidities, some of which have been
associated with treatment outcomes of RR-TB [58], did
not influence the decision to prescribe BDQ.

The results of this study should be interpreted in light
of its strengths and limitations. Major strengths are the
wide range of factors explored, guided by the theoretical
conceptual framework of macro-, meso- and micro level
factors, and the diversity of participants, including a bal-
ance in gender and participants representing high and
low burden RR-TB countries as well as low, low-middle,
upper-middle- and high-income countries. An important
limitation is that participants working in an academic or
research setting were overrepresented, which may limit
the transferability of findings to non-academic settings.
Due to the use of the hypothetical patient scenarios,
some patient characteristics may have been discussed
more thoroughly than other factors, and some contex-
tual factors may have been omitted. Another limitation
is the small sample size. Nevertheless, we only stopped
recruitment when sufficient saturation was achieved.
Finally, gDST results are required to estimate the prob-
ability of resistance to BDQ for individual patients. While
next generation sequencing has been approved for sur-
veillance and is used in some high-income countries,
this is not yet applied for patient care in high RR-TB
burden countries [41, 42, 59, 60]. Furthermore, current
culture-based sequencing has a turn-around time that
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is similar to that of phenotypic DST, limiting the cur-
rent role of gDST for clinical care. The adoption of the
novel BDQ resistance probability approach may only
become relevant when rapid molecular tests, such as the
targeted sequencing Deeplex assay, become available and
will require extensive efforts to build next generation
sequencing capacity [61-63].

Conclusion

The use of BDQ resistance probability is an attractive
potential alternative approach for communicating DST
results when a binary classification as resistant or suscep-
tible is not (yet) possible. This qualitative study highlights
the complex and dynamic features of physicians’ deci-
sion-making process in establishing a RR-TB regimen
for different levels of BDQ resistance probability. It offers
insights into the multi-level factors influencing BDQ
prescription for RR-TB. Continued investment in global
access to BDQ and companion drugs, development of a
rapid molecular test, building next generation sequenc-
ing capacity in high burden countries and establishment
of a clinical decision support system to guide the deci-
sion-making regarding the use of BDQ in the presence of
a variant in one of the BDQ-resistance-candidate genes
will be essential to achieve the full potential of BDQ for
RR-TB treatment.
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