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Background: The incidence of acquired rifampicin resistance (RIF-ADR; RR) during first-line treatment varies.

Objectives: Compare clinically significant RIF-ADR versus primary and reinfection RR, between regimens (daily
versus no rifampicin in the continuation phase; daily versus intermittent rifampicin in the continuation phase)
and between rural Bangladesh and Kinshasa, Democratic Republic of Congo.

Methods: Frompatients with treatment failure, relapse, or lost to follow-up, both the outcome and baseline spu-
tum sample were prospectively collected for rpoB sequencing to determine whether RR was present in both
samples (primary RR) or only at outcome (RIF-ADR or reinfection RR).

Results: The most frequent cause of RR at outcome was primary RR (62.9%; 190/302). RIF-ADR was more
frequent with the use of rifampicin throughout versus only in the intensive phase (difference: 3.1%; 95% CI:
0.2–6.0). The RIF-ADR rate was higher with intermittent versus daily rifampicin in the continuation phase (differ-
ence: 3.9%; 95% CI: 0.4–7.5). RIF-ADR after rifampicin-throughout treatment was higher when resistance to iso-
niazid was also found compared with isoniazid-susceptible TB. The estimated RIF-ADR rate was 0.5 per 1000
with daily rifampicin during the entire treatment. Reinfection RR was more frequent in Kinshasa than in
Bangladesh (difference: 51.0%; 95% CI: 34.9–67.2).

Conclusions: RR is less frequently created when rifampicin is used only during the intensive phase. Under control
programme conditions, the RIF-ADR rate for theWHO 6 month rifampicin daily regimenwas as low as in affluent
settings. For RR-TB control, first-line regimens should be sturdy with optimal rifampicin protection. RIF-ADR pre-
vention is most needed where isoniazid-polyresistance is high, (re)infection control where crowding is extreme.

Introduction
The term ‘acquired drug resistance’ (ADR) has long been errone-
ously used for any resistance observed in isolates from patients
with recurrent TB. Resistance detected in patients with recur-
rence (bacteriological failure or relapse after completion) mainly
represents primary resistance, already present at the start of
treatment and causing recurrence.1

We define ADR as any new drug resistance reported by the la-
boratory during treatment monitoring, while also leading to

bacteriologically and clinically overt recurrence. Newly appearing
resistance without clinical correlate is often found to be tempor-
ary and for that reason has been called ‘transient’ in the British
Medical Research Council (BMRC) studies.2 Transient resistance
is thought to represent a condensate of remaining resistant mu-
tants that were present at baseline and which will eventually be
eradicated by the other drugs or host defencemechanisms, with-
out any impact on treatment outcome. Determination of ADR re-
quires drug susceptibility testing (DST) of the baseline and the
recurrence strain at the end or after treatment with a regimen
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containing the drug studied. ADR must also be differentiated
from reinfection with another strain. The pre- and post-
treatment bacilli must be shown to be genetically identical by
molecular fingerprinting techniques. Also laboratory or adminis-
trative errors (e.g. misidentification during sample collection or
processing in the laboratory) may cause confusion.

ADR is a result of the selection under drug pressure of resistant
mutants. The risk of ADR depends on the drug/target-specific fre-
quency of naturally occurring resistant mutants selected under
pressure of this drug, besides the initial bacillary load. It will
thus be highest among microscopy-positive pulmonary patients.
These are also the patients generating 5–10 times more second-
ary cases, as shown in older contact screenings as well as recent
molecular epidemiological studies.3,4

A too low drug dosage with a too low concentration at the in-
fection site (which may vary between and within patients) and
poor adherence (particularly repeated periods of irregular intake
and being on and off the drug) are generally seen as the common
causes of ADR.5,6 Still, at population level these factors may have
less impact than a lack of careful implementation of appropriate
standard regimens for mass treatment by national treatment
programmes (NTPs). Considering the diversity and frequency of
problemsNTPs and their patients are facedwith, regimens should
not only reach close to 100% treatment success in clinical trials,
but also be highly successful under difficult field conditions. ADR
may then very well be themost discriminating indicator, separat-
ing regimens that in a given population will ultimately lead to
control of TB, from those likely to fail.

To maximally prevent ADR, the bactericidal, sterilizing and
resistance-preventing effect of a treatment regimenmust be opti-
mal and provide for a margin of error (regimens must be ‘sturdy’).
With sturdy, well implemented treatment regimens, almost no re-
sistance is selected by and to the core drug, the regimen’s key
drug, with high bactericidal and sterilizing effect.7,8

Although ADR is not necessarily limited to the core drug, we
studied only resistance acquired to rifampicin (RIF-ADR).
Complemented by genetic fingerprinting information, frequen-
cies of molecularly defined RIF-ADR versus other types of rifam-
picin resistance (RR), such as primary and reinfection RR, were
compared between regimens and settings. Patient cohorts (spe-
cified in Table 1) covered the last years of routine use of the
8 month 2(3)EHRZ/6HE and the following years with the 2(3)
EHRZ/4HR regimen in Kinshasa Province of the Democratic
Republic of Congo NTP (DRC) (H: isoniazid; R: rifampicin; E: etham-
butol; Z: pyrazinamide). Likewise, cohorts enrolled in the Damien
Foundation (DF) Bangladesh project comprised the last years of
2(3)EHRZ/6HT, the following years with 2(3)EHRZ/4H3R3 (thrice-
weekly intermittent dosing) and the first years with the current
2(3)EHRZ/4HR regimen (T: thioacetazone). Our study is excep-
tional as it contains a very large number of failure and relapse
cases, as well as patients lost to follow-up (LTFU) during their ini-
tial first-line treatment episode, presenting again at the health
facilities.

Methods
Our study used prospectively collected routine sputa and data from the
DF Bangladesh project, respectively the Kinshasa Province of the DRC
NTP. Both implemented the programme on behalf of the NTP in a

population of about 10 (Kinshasa), respectively 20 million (Bangladesh),
with support of DF Belgium.9,10 Each project registered close to 10–000
pulmonary TB patients positive for acid-fast bacilli (AFB) annually. HIV,
a known risk factor for acquired mono-rifampicin resistance,11 was virtu-
ally absent in the Bangladesh patients and of low level (about 6% HIV co-
infection) in Kinshasa.12

Treatment outcomes (cure and recurrence/LTFU) were
AFB-microscopy defined. For new cases and recurrences alike, the cut-
offs were 1 AFB/100 high-power fields for Ziehl-Neelsen brightfield, and
5 AFB with auramine staining for LED fluorescence microscopy (widely
used from 2009 onwards in DF Bangladesh) to declare a positive result.

TB work was integrated in general health services. Only Kinshasa had
a TB sanatorium, mainly performing diagnosis followed by referral to
clinics all over themetropolis. In Bangladesh, all (around 100) permanent
DF diagnostic clinics participated, with DF-employed routine paramedical
staff implementing the study. In Kinshasa, the Government staff of the 30
largest TB diagnostic and treatment centres implemented the study. Over
the years, different NTP standard regimens were used successively as
WHO recommendations changed, each defining a study arm (Table 1).

All successively registered AFB+ cases were eligible, with a single
study intervention, i.e. preservation of 0.5 mL diagnostic (new or recur-
rence) sputum added to 1 mL denatured ethanol in hermetically closing
cryovials.13 To identify specimens unequivocally, transparent Scotch tape
covered cryovial labels with laser-preprinted specimen-unique identifica-
tion codes routinely used already on request forms, registers and treat-
ment cards. Cryovials were kept at the clinics at room temperature in
special collection boxes, arranged sequentially (code-defined) for easy re-
trieval in case of recurrence/LTFU. Baseline and recurrence/LTFU pairs of
sputum were referred for rpoB sequencing. Procedures used for data col-
lection and the selection of samples are shown in Figure 1.

The Supra-National TB Reference Laboratory at the Institute for
Tropical Medicine (ITM) in Antwerp, Belgium, assured advanced testing
such as DNA sequencing and fingerprinting, besides routine surveillance
of main drug resistance.14 Sanger sequencing used extended primers
covering the 81 bp rifampicin-resistance determining region (RRDR) as
well as the 170 and 491 hotspots. Any non-silent mutation in these hot-
spots and adjacent mutations at codons 454 and 455 showing borderline
MICs was considered to confer RR.15 Heteroresistance was determined by
visual inspection for wildtype andmutant alleles double peaks, with a lim-
it of detection (LOD) of around 25% minority mutant population.16

Fingerprinting using 24-loci MIRU-VNTR17,18 was performed systematical-
ly for pairs with WT rpoB (rifampicin susceptible, RS) before but RR after
treatment (RS/RR pairs), for the reverse (RR/RS pairs), and for Kinshasa
only a random selection of RR/RR and RS/RS pairs.

RIF-ADR was defined as an RS/RR pair with identical fingerprint, de-
tected in the sputum from patients with AFB+ recurrence/LTFU.
Fingerprinting was lacking for six patients with RS/RR. These events
were counted as RIF-ADR, since 8/9 represented failure cases from
Bangladesh, where reinfection was rare (see Results). Only patients
with WT rpoB (RS) at start of treatment constituted the population at
risk of RIF-ADR. Although misidentification could never be excluded, re-
infection was considered when fingerprinting showed .1 allele differ-
ence in one or more MIRU loci between the recurrence/LTFU and
baseline sample, or when the rpoB mutation differed. Patients with at
least one non-TB mycobacterium (NTM) or RR/RR profile were excluded
from the calculation of the frequency of RIF-ADR analysis, as were rever-
sals (RR/RS pairs). Because of the small number of 2(3)EHRZ/6HT recur-
rences documented (n=111), this cohort was merged with the other
8 month regimen with rifampicin in the intensive phase only [2(3)EHZR/
6HE] to calculate RIF-ADR rates by regimen.

Stata’s (version 16.1, StataCorp LLC, College Station, TX, USA) test of
proportions was used to calculate a 95% CI around the difference be-
tween two groups. The χ2 test was used to test whether there was an as-
sociation between categorical variables.
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The studywasapprovedby the ITM Institutional ReviewBoard (1233/18),
including a waiver of the obligation to seek informed consent.

Results
Table 1 shows rpoB genotypic DST results on sputum pairs, by
regimen and by setting. Data were obtained for 1284 pairs, 918
(71.5%) from Bangladesh and 366 (28.5%) from Kinshasa
(Table 1).

Of 1284, 60 (4.7%) showed NTM on either the baseline or re-
currence/LTFU sample. Overall, and also in each setting, the
most frequent cause of observed RR in the recurrence/LTFU sam-
ple was primary RR [overall: 190 of 302 (62.9%) with RR in the re-
currence/LTFU sample].

Overall, in 54 (50.5%) of 107 RS/RR patients proof of reinfec-
tion was found. RS/RR reinfection was more frequent in
Kinshasa (85.3%, 29/34) than in Bangladesh (34.3%, 25/73; dif-
ference: 51.0%, 95% CI: 34.9–67.2).

Overall, 53 RIF-ADR cases were identified. The RIF-ADR rate
was higher for regimens with daily versus no rifampicin in the
continuation phase [4.6% (16/352) versus 1.4% (2/139); differ-
ence: 3.1%, 95% CI: 0.2–6.0; excluding reinfections from the de-
nominator] (Table 1). The difference was not significant in the
separate settings. In Bangladesh, the RIF-ADR rate was higher
for a regimen with intermittent than daily rifampicin in the

continuation phase [8.3% (35/422) versus 4.3% (12/278); differ-
ence: 3.9%, 95% CI: 0.4–7.5; excluding reinfections from the de-
nominator]. In a sensitivity analysis, with reinfections in the
denominator, similar differences were found.

In baseline samples with the same recurrence/LTFU strain, of
four patients with heteroresistant primary RR, none had heterore-
sistance at recurrence. In recurrence/LTFU samples after treat-
ment with either daily or intermittent rifampicin in the
continuation phase, heteroresistance was more frequent in pa-
tients with RIF-ADR (19.6%, 10/51) or RR reinfection (12.5%, 6/48),
than in those with primary RR (0%, 0/152; χ2 test: P,0.001).

Table 2 shows that RIF-ADR was more frequent after treat-
ment failure than relapse/LTFU, particularly when rifampicin
was used intermittently in the continuation phase [16.5% (28/
170) versus 2.8% (7/252); difference: 13.7%, 95% CI: 7.8–19.6;
excluding reinfections from the denominator].

RIF-ADR after a regimen with rifampicin in the continuation
phase was more frequent when resistance to isoniazid (Hr) was
also found at recurrence/LTFU, compared with isoniazid-
susceptible TB (Table 3). This was true for patients treated with
intermittent rifampicin in the continuation phase [40.3% (23/57)
versus 1.4% (2/139); difference: 38.9%, 95% CI: 26.0–51.8] as
well as patients treated with daily rifampicin in the continuation
phase [61.5% (8/13) versus 0% (0/45); difference: 61.5%, 95%
CI: 35.1–88.0; Table 3]. In 53.8% (21/39) of patients with isoniazid

Table 1. Genotypic rifampicin drug susceptibility test results for paired baseline and recurrence/LTFU samples, by first-line regimen and setting

Sample period and regimens

Total

DF Bangladesh NTP DRC, Kinshasa Province

2002–03 2004–07 2009–11 2005–06 2007–09

2(3)EHRZ/
6HT

2(3)EHRZ/
4H3R3

2(3)EHRZ/
4HR

2(3)EHRZ/
6HE

2(3)EHRZ/
4HR

N (%) N (%) N (%) N (%) N (%) N (%)

rpoB genotypic DST results for pairs 1284 58 521 339 175 191
RS/RS 913 (71.1) 48 (82.8) 391 (75.0) 266 (78.5) 116 (66.3) 92 (48.2)
RS/RR 107 (8.3) 1 (1.7) 54 (10.4) 18 (5.3) 7 (4.0) 27 (14.1)
RR/RR 195 (15.2) 3 (5.2) 61 (11.7) 28 (8.3) 36 (20.6) 67 (35.1)
RR/RS 9 (0.7) 1 (1.7) 1 (0.2) 3 (0.9) 1 (0.6) 3 (1.6)
NTM (one or both) 60 (4.7) 5 (8.6) 14 (2.7) 24 (7.1) 15 (8.6) 2 (1.0)

Total patients at RIF-ADR risk (RS baseline) 1020 49 445 284 123 119
RS/RS 860 (84.3) 48 (98.0) 387 (87.0) 266 (93.7) 89 (72.4) 70 (58.8)
RS/RR, RIF-ADR 53 (5.2) 1 (2.0) 35 (7.9) 12 (4.2) 1 (0.8) 4 (3.4)
RS/RS, reinfection 54 (5.3) 0 (0) 4 (0.9) 0 (0) 27 (22.0) 22 (18.5)
RS/RR, reinfection 53 (5.2) 0 (0) 19 (4.3) 6 (2.1) 6 (4.9) 23 (19.3)

Total patients not at RIF-ADR risk (RR baseline) 204 4 62 31 37 70
RR/RR, primary RR 190 (93.1) 3 (75.0) 61 (98.4) 26 (83.9) 35 (94.6) 65 (92.9)
RR/RR, reinfection 5 (2.5) 0 (0) 0 (0) 2 (6.5) 1 (2.7) 2 (2.9)
RR/RS, reinfection 9 (4.4) 1 (25.0) 1 (1.6) 3 (9.7) 1 (2.7) 3 (4.3)

E, ethambutol; H, isoniazid; R, rifampicin; Z, pyrazinamide; T, thioacetazone.
Reinfection was consideredwhen fingerprinting showed a different strain in the recurrence/LTFU sample comparedwith the baseline one, or when the
rpoBmutation differed. Regimens are written separating intensive and continuation phase by a forward slash (/). The numbers preceding a phase in-
dicate its duration in months, for the intensive phase first the intended standard number of months followed between brackets by the number of
months for non-conversion on microscopy for AFB at the intended end. Numbers in subscript following a drug symbol indicate intermittent treatment
(in these cases spaced out to three times per week). By convention, a subscript number is omitted for daily treatment.
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Per clinic, one laboratory technician and one nurse were selected from the rou�ne staff to join the study. To 
minimize interference with TB care provided by these few staff to hundreds to over a thousand TB pa�ents 
annually, they were purposely instructed not to register the preserved sputa and the data needed for the 
study. Instead, Bangladesh project/Kinshasa provincial field supervisors consulted WHO standard AFB-
microscopy and TB treatment registers during their rou�ne visits to develop a list showing the current 
retreatment episode, the specimen iden�fiers of the current and last previous treatment regimen, the regimen 
used during the last previous treatment, and the type of recurrence (treatment failure, relapse or LTFU). The 
clinic staff then retrieved the pairs of cryovials with preserved sputa. No a�empt was made to document 
completeness of pre-treatment sputum collec�on, for reasons cited above. Selec�on bias was deemed highly 
unlikely since the suscep�bility status was never known and paramedics tend to apply standard guidelines 
without a�en�on to clinical factors. The retrieval system served as an efficient and sufficient check to issue 
a gentle reminder whenever cryovials were missing and to enquire about underlying problems, rather than 
taking a repressive a�tude. At the same �me, it forced supervisors to iden�fy and complete missing data 
on the spot. This ‘so� approach’ was deliberately chosen to avoid diversion of a�en�on from daily rou�ne 
work and also the most likely source of bias, i.e. spli�ng AFB+ sputa to replace forgo�en or lost specimens 
or declaring fake pa�ents and sputa. This happens regularly if staff feel threatened, or, inversely, try to 
make more money from performance-bound incen�ves.49 No incen�ves for the study were thus given in 
Bangladesh, as studies were part of the job descrip�on of all DF staff. Considering the grossly inadequate 
salaries, Kinshasa Government study staff received a monthly fee, independent of the number of samples. 
Only two poorly coopera�ng DRC clinics had to be excluded a�er the first year of the study. 

Baseline and recurrence/LTFU pairs of sputum were referred for rpoB sequencing, together with the 
complete data in Excel, maintained by the DF project/Kinshasa Head Lab Technician from the clinic lis�ngs. 
From well before the study, from pa�ents with AFB+ recurrence/LTFU, sputa in cetylpyridinium chloride 
were also referred for culture and DST.  

All at ITM, the available Kinshasa pairs were sequenced and those with two valid sequences were processed 
further. Pairs from the Bangladesh 8 month regimen were all tested due to extremely high sequencing 
failure rates and the shorter baseline collec�on period. Ill-advised, stained AFB+ smears were kept for the 
baseline collec�on during the first study year, resul�ng in huge amplifica�on failure rates.50  

Because the numbers of ethanol-preserved sputa from Bangladesh referred exceeded the capacity of the 
sequencing lab, a selec�on was made. All baseline samples and pairs belonging to concomitantly conducted 
studies (random popula�on rpoB surveys in 2005 and 2010;14 intensive phase extension study 2006–07)51 
were processed. For these studies almost all pa�ents registered in the individual pa�ent database had been 
sampled with samples referred. Among the remainder of paired samples, not part of these studies, a random 
selec�on was made, picking boxes containing a full quarter, aiming at similar totals for the two 6 month 
rifampicin-throughout regimens (daily versus intermi�ent con�nua�on). For Bangladesh pa�ents, unique 
pa�ent, treatment or sputum specimen iden�fiers allowed retrieval of addi�onal data from individual pa�ent 
and local reference culture/DST laboratory databases. These had been maintained in EpiData v 3.1 (EpiData 
Associa�on, Odense, Denmark) since the start of the project in 1994, as previously described.14 The Bangladesh 
study data captured in Excel could then be cross-checked for accuracy and consistency. This was not 
possible for Kinshasa where such EpiData databases did not exist. Data entry control for the study lis�ngs in 
Excel was thus limited to legal codes for key variables. Verifica�on of completeness relied on aggregate 
standard NTP reports showing the number of pa�ents registered for retreatment a�er first-line treatment.  

ITM sequencing, culture and DST results were encoded in Excel and linked as such to the study database. 
A�er removing duplicate entries and mul�ple pairs received for the same event, and a final check of links 
and data consistency, the database was exported for analysis.  

AFB microscopy, the only eligibility criterion, was excep�onally reliable in both projects during the study 
period because of the intensive efforts done before the study regarding training (including in-service), 
quality of microscopes and reagents, con�nuous supplies and rechecking external quality assurance, which 
had reached full coverage, and was con�nuous and problem-solving oriented. The Unit of Mycobacteriology 
at ITM, Antwerp, is a WHO/IUATLD Supra-Na�onal TB Reference Laboratory and has organized and 
par�cipated in its annual rounds of Mycobacterium tuberculosis DST quality assurance since 2000. It also 
successfully par�cipates in other pheno- and genotypic mycobacteriology quality assurance schemes. 

Figure 1. Data collection and sampling procedures.
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polyresistant TB (Hr-poly) RIF-ADR was detected. Of 21, 11 had a
HRES resistance profile (resistance to isoniazid, rifampicin, etham-
butol and streptomycin).

Discussion
Prevention of acquired core drug resistance was very high on the
TB agenda when only one core drug was available, rifampicin.19

For the late Prof. Mitchison, bacteriologist of the BMRC clinical trials,
which were instrumental in the development of modern TB
chemotherapy, the first aim of chemotherapy was not cure but
avoiding creation of ADR.19 Increasing levels of ADR and transmis-
sion of resistant strains, and thus increase in primary resistance,
render standardized regimens ineffective for TB control. It has
been shown that weak TB programmes can in the long term be
worse than none at all. A rising proportion of resistant, sometimes
chronic cases, may actually worsen the overall TB burden, even
when reported cure rates for first-line treatment are improving.20

In a few decades since the introduction of rifampicin-throughout
regimens (rifampicin in both the intensive and continuation
phase), RR-TB became a threat for worldwide TB control,21 largely
because of excessive emphasis on case detection and short-term
treatment success, neglecting avoidance of core drug acquired re-
sistance. This requirement for maximum protection, opting for
sturdy regimens with sufficient margin for error seems no longer
a concern. At present ADR is largely ignored in drug or regimen
evaluations, WHO recommendations and guidelines.22,23 The fail-
ure outcome definition, in fact a composite outcome including
both bacteriological and safety adverse outcomes, even hides
the main alert parameter, true bacteriological failure.24

The 8 month regimen without rifampicin in the continuation
phase was purposely selected from the diversity of BMRC trial-
proven regimens25 by the late Dr Styblo of the International
Union against TB and Lung Disease (IUATLD) for NTPs piloting
short-course chemotherapy in difficult settings. Since RR was un-
treatable at that time (around 1980), particularly in low-income
settings, he rightly prioritized prevention of RIF-ADR over max-
imum short-term success. He showed that the results obtained
in clinical trials could be achieved under difficult conditions in sev-
eral low-income countries: cure rates increased by some 20%
while RR stayed at the same very low level after decades of
country-wide implementation.26,27

Table 2. Genotypic rifampicin drug susceptibility test results for paired
baseline and outcome samples, for initially rifampicin-susceptible TB in
Kinshasa and Bangladesh, by first-line regimen and type of recurrence

Pair profiles

2(3)EHRZ/
6HT or HE

2(3)EHRZ/
4H3R3

2(3)EHRZ/
4HR

N (%) N (%) N (%)

Recurrence type: failure
Total 69 185 313
RS/RS 57 (82.6) 142 (76.8) 260 (83.1)
RS/RR (RIF-ADR) 2 (2.9) 28 (15.1) 14 (4.5)
RS/RR reinfection 2 (2.9) 13 (7.0) 24 (7.7)
RS/RS reinfection 8 (11.6) 2 (1.1) 15 (4.8)

Recurrence type:
relapse or LTFU
Total 102 260 90
RS/RS 79 (77.5) 245 (94.2) 76 (84.4)
RS/RR (RIF-ADR) 0 (0) 7 (2.7) 2 (2.2)
RS/RR reinfection 4 (3.9) 6 (2.3) 5 (5.6)
RS/RS reinfection 19 (18.6) 2 (0.8) 7 (7.8)

E, ethambutol; H, isoniazid; R, rifampicin; Z, pyrazinamide; T, thioacetazone.
Reinfection was considered when fingerprinting showed a different strain
in the recurrence/LTFU sample compared with the baseline one, or when
the rpoB mutation differed. Regimens are written separating intensive
and continuation phase by a forward slash (/). The numbers preceding a
phase indicate its duration in months, for the intensive phase first the in-
tended standard number of months followed between brackets by the
number of months for non-conversion on microscopy for AFB at the in-
tended end. Numbers in subscript following a drug symbol indicate inter-
mittent treatment (in these cases spaced out to three times per week).
By convention, a subscript number is omitted for daily treatment.

Table 3. Acquired rifampicin resistance for initially rifampicin-susceptible TB, by type of isoniazid resistance on phenotypic DSTand by first line regimen

2(3)EHRZ/6HT or 6HE 2(3)EHRZ/4H3R3 2(3)EHRZ/4HR

No RIF–ADR RIF–ADR No RIF–ADR RIF–ADR No RIF–ADR RIF–ADR

N (%) N (%) N (%) N (%) N (%) N (%)

Total 137 2 387 35 336 16
Hs 35 25.5 0 (0) 137 (35.4) 2 (5.7) 45 (13.4) 0 (0)
Any Hr 36 26.3 0 (0) 34 (8.8) 23 (65.7) 5 (1.5) 8 (50.0)
Of which H-mono 14 10.2 0 (0) 20 (5.2) 7 (20.0) 1 (0.3) 3 (18.8)
Of which H-poly 22 16.1 0 (0) 14 (3.6) 16 (45.7) 4 (1.2) 5 (31.3)

Hr unknown 66 48.2 2 (100) 216 (55.8) 10 (28.6) 286 (85.1) 8 (50.0)

E, ethambutol; H, isoniazid; R, rifampicin; Z, pyrazinamide; T, thioacetazone; Hs, isoniazid susceptible; Hr, isoniazid resistance; H-mono, isoniazidmono-
resistance; H-poly, isoniazid polyresistance.
Regimens are written separating intensive and continuation phase by a forward slash (/). The numbers preceding a phase indicate its duration in
months, for the intensive phase first the intended standard number of months followed between brackets by the number of months for non-
conversion on microscopy for AFB at the intended end. Numbers in subscript following a drug symbol indicate intermittent treatment (in these cases
spaced out to three times per week). By convention, a subscript number is omitted for daily treatment.
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Our study showed that in both Bangladesh and the DRC,
RIF-ADR became significantly more frequent after changing
from 8 month regimens, which did not contain rifampicin in the
continuation phase, to 6 month regimens with daily rifampicin
throughout (increase from 1.4% to 4.6% at recurrence/LTFU,
similar for both settings). While RIF-ADR became more frequent,
annual reports of DF Bangladesh as well as Kinshasa Province
showed a consistent modest increase of treatment success
from 1%–2% below 90% to 1%–2% above 90% as the 6 month
rifampicin-throughout regimen was implemented. In the same
period Cat2 (retreatment regimen, 8 month rifampicin-
throughout) outcomes worsened, as a higher proportion had RR
when starting the Cat2 treatment regimen. The Cat2 regimen
was designed to overcome isoniazid-resistant, rifampicin-
susceptible (HrRs-TB) after an unsuccessful first treatment with
an isoniazid-throughout regimen using rifampicin only in the in-
tensive phase.14

When in DF Bangladesh during some years the regimen with
thrice-weekly HR in the continuation phase was used, the
RIF-ADR was even as high as 7.9%, which increased the RR preva-
lence fromwell below 1% to around 2%. It decreased again after
the change to the rifampicin daily regimen and concomitant im-
proved detection and treatment of RR.14,28 Direct observation of
drug intake (DOT) can improve adherence and contribute to the
prevention of RIF-ADR. But, at least in low-income settings,
good supportive DOT is truly rare, and even the best DOT is use-
less with poorly conceived standard regimens. To make DOT
more feasible by changing to intermittent dosing of standard re-
gimens for mass application in poor populations is likely to be a
capital error. HR thrice-weekly (or even worse, twice-weekly),
baseline HrRs-TB and/or rapid isoniazid acetylators are each
more permissive to RIF-ADR. Combined, these factors caused ex-
tremely high rates of failure and RIF-ADR in South India.29 When
NTPs had to switch to rifampicin throughout, only India was al-
lowed to use intermittent thrice-weekly dosing throughout treat-
ment. Nowadays, India has the largest burden of RR-TB
worldwide, with around 3% RR in new cases compared with be-
low 1% in neighbouring Bangladesh.30 Peru’s highly reputed
NTP has for years used a twice weekly continuation phase for
first-line (Cat1) and retreatment (Cat2) regimens.31 Together
with unusually intense transmission32 this practice may explain
the rise of primary RR to 6%–7%. Regimens often show excellent
results in clinical trials under ideal conditions, but mass applica-
tion in the field may yield disastrous results. The equivalence of
intermittent with daily HR dosing in various clinical trials2 con-
trasts with the high frequency of relapse, failure and RIF-ADR in
routine care.33,34 The frequency of bacteriologically adverse out-
comes has been shown to be proportional with the spacing of
doses and/or due to non-extension of the intensive phase for pa-
tients with a high bacillary load.18

A regimen is sturdy when it shows strong ADR-preventing ac-
tivity to its core drug, the most powerful drug of the regimen.7 In
the 6 month regimens, isoniazid protects rifampicin. In the old,
very long first-line regimens without rifampicin, isoniazid acted
as an initially extremely bactericidal drug, but imperfect because
poorly sterilizing.25 Also in the current study the presence of re-
sistance to isoniazid was strongly associated with RIF-ADR, also
shown in our previous publication.35 However, since only recur-
rences were included in the present study, we could not assess

the proportion of baseline HrRs ending with RIF-ADR. We and
others have shown that H-poly (with resistance to both etham-
butol and streptomycin; HrRsErSr) results in poor outcomes, while
recurrence due to H-mono is relatively rare.35,36 HrSr resistance
was by far the most frequent type of H-poly at recurrence in
our study, even without inclusion of streptomycin in the regimen,
but half of RIF-ADR showed the HrRrErSr profile on phenotypic
DST. Ethambutol is added in the first-line regimen to assure
‘back-up’ resistance preventing activity in case of initial HrRs.7

Ivory Coast, which used 2HRZ/4HR without ethambutol and with-
out DOT, was the first African country where over 5% of primary
RR among new patients was found.37 The original first-line
8 month regimen used the—in clinical trials—more protective
streptomycin,25 until all-oral ethambutol-containing treatment
was preferred mainly to avoid HIV-related toxicity. Early resist-
ance preventing activity was sacrificed, as happens again these
days for RR-TB regimens with amikacin, judged less important
than serious drug adverse events and painful injections.7,38,39

Our findings show that the presently used first-line regimen
does not provide sufficient protection in case of H-poly, or even
H-mono. In the DF Bangladesh population, Hr-related RIF-ADR
percentages and risks are worse for the daily HR regimen, but
numbers show the reverse. The intermittent regimen allowed
far more recurrences/LTFU from Hr with more ADR (57 Hr/422
recurrences/LTFU, 23 with RIF-ADR) than the daily regimen (13
Hr/352, 8 with RIF-ADR). Prevalences of baseline Hr measured
in five random surveys between 1995 and 2015, and thus across
all regimens analysed, had remained unchanged.14 With base-
line Hr, the intermittent continuation phase thus seemed to per-
mit about three times more recurrences as well as RIF-ADR than
daily throughout.

How the current first-line regimen should be strengthened or
modified in settings with a high prevalence of H-poly should be
studied. The same applies to settings with a high prevalence of
both H-mono and HIV coinfection.11 Unfortunately DST to eth-
ambutol and streptomycin is notoriously unreliable by anymeth-
od, leaving the earliest possible detection of RIF-ADR as the only
option for treatment responsemonitoring.40 Rapid, decentralized
molecular DST, particularly Xpert MTB/RIF, has allowed a tremen-
dous progress regarding the rapid detection of primary RR.30

Nevertheless, such tests may not so soon become accessible to
all patients in need.30 Moreover, for the monitoring of treatment
response they have proven too little specific.41–42 Amplification
speed changes are slow, erratic and thus too uncertain as the
sole or main diagnostic element. Together with clinical and
AFB-microscopy findings, they should rather be considered as
alerts triggering close follow-up. For the early detection of RR in
patients with baseline RS-TB, Xpert MTB/RIF may have a role to
play. However, results should always be interpreted together
with the clinical presentation, to distinguish transient RR from
RR causing clinical treatment failure.

In addition, because of fairly regularly missed primary RR—
especially when using rapid phenotypic DST or molecular assays
targeting only the 81 bp region43—and because of the increased
risk for RIF-ADR, patients reportedwith H-poly are also at high risk
to end as fluoroquinolone-resistant MDR if treated with the
levofloxacin-strengthened first-line WHO regimen for HrRs-TB.35

For long-term TB control not creating ADR to core drugs should
be prioritized over emphasis on immediate treatment success.
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Without this, shifting to new (core) drugs can’t bring lasting pro-
gress.44 Before a background regimen has been identified that
limits ADR to a minimum in the average NTP, new TB core drugs
should not become the standard of care for TB that is still suscep-
tible to an older core drug. The ‘ancient’ vision of TB control, with
emphasis on ADR prevention, is still highly relevant considering
the high rates of ADR to bedaquiline in settings where it has
been used for a sufficient time on a sufficiently large scale, des-
pite background regimens respecting current recommendations
which strongly emphasize using these newer drugs.44,45

How to interpret the level of RIF-ADR among those treated
with the 6 month daily rifampicin regimen and at risk, thus with
initially rifampicin-susceptible TB? The frequency of RIF-ADR
was 3%–4%, very similar in both settings. Considering (i) about
5% recurrence cases during the study period,35 similar to what
is shown in clinical trials;46 and (ii) that 2/3 of 5% recurrences
were not at risk [67% (91/134) showed baseline RR, and were ex-
cluded from this calculation], around 0.5 per 1000 (33% at risk×
5% recurrence×4%with RIF-ADR) patients had RIF-ADR. This es-
timate is similar to the 1/1000 reported fromaffluent countries.47

The main strength of our study was the prospective data col-
lectionwith direct sequencing from the sputum specimen, neces-
sitating large scale storage of baseline sputa to capture a
relatively rare event. Bacteriology both at the sites and the refer-
ence laboratory was of documented high quality and all record-
ing consistent over the years. Our study had some limitations.
First, because of its integration in NTP routine (also a strength),
randomization to regimens was impossible as cohorts were en-
rolled successively. Some reinfection interpretation may have
been confused with sample identification switch. However, the
proportion with reinfection varied. The higher frequency of re-
infection when RR reinfection truly is an advantage for progres-
sive TB [in patients with RS/RR and on rifampicin treatment,
compared with patients with baseline resistance (RR/RR)], sug-
gests that indeed reinfection was mostly real. Among patients
at risk and treated with a rifampicin daily regimen, RR reinfection
was much more frequent than RIF-ADR in Kinshasa (19.3%
against 3.4%), compared with Bangladesh (2.1% against 4.2%).
The settings are very different. While extreme crowding in the
Kinshasa suburbs and waiting areas of extremely busy health fa-
cilities contribute to reinfection,48 the setting in Bangladesh is
rural with more open space in health centres and administrative
and engineering ventilation measures in DF hospital TB wards.

In conclusion, the 6 month rifampicin daily regimens create
more RIF-ADR than the original DOT regimens with rifampicin
during the intensive phase only. When rifampicin is used in the
continuation phase, RIF-ADR is more frequent with intermittent
dosing. Still RIF-ADR is rare with rifampicin daily throughout,
also in difficult settings, comparable with its frequency in high-
income countries. However, the background regimen has to be
sturdy for the intended population and setting. An efficient strat-
egy for the earliest possible RIF-ADR detection would be far more
effective than current, often misleading or too late,
end-of-intensive-phase AFB smears. The alternative, identifica-
tion at baseline of H-poly cases, who are at high risk of
RIF-ADR, is not (reliably) possible given the limitations of etham-
butol and streptomycin DST. In crowded settings, infection con-
trol measures are key to stop RR-TB from spreading to other
patients. Elsewhere, sturdy first-line regimens together with early

RR detection and effective RR-TB treatment will allow performant
NTPs to keep acquisition as well as transmission of RR-TB at a
minimum, with good prospects for TB control irrespective of re-
sistance to other first-line drugs.
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