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Abstract (143 words)

Objectives:

Isoniazid-monoresistant tuberculosis (HR-TB) requires early diagnosis and adapted treatment
to achieve optimal outcomes. The primary aim of the study was to assess the impact of the
implementation of rapid diagnostic tests on HR-TB treatment in France.

Methods:

We designed a retrospective multicentre study including consecutive HR-TB patients
diagnosed in 2016 and 2017. Implementation of a molecular assay detecting isoniazid
resistance directly on a clinical sample was recorded. The association between early
implementation of such assays and adequate treatment was assessed by a multivariable Cox
proportional hazards model.

Results:

Overall, 99 HR-TB patients were included from 20 University Hospitals. Among all smear-
positive HR-TB patients, only 26% beneficiated from early molecular HR detection. This
detection was independently associated with shorter time to adequate treatment (HR = 2.0
[1.1-3.8], p=0.03).

Conclusion:

In our study, molecular detection of HR on an initial sample was independently associated

with earlier treatment adaptation.

Key words: Tuberculosis, Isoniazid, Drug Resistance, Epidemiology, France
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Introduction

Tuberculosis (TB) remains a major cause of mortality worldwide, causing an estimate of 1.4
million of deaths in 2019 globally (1). During the last decades, the emergence and spread of
drug-resistance have threatened the control of this contagious disease. International and
national programs have mostly focused their attention on multidrug-resistant TB (MDR-TB),
defined as resistance to isoniazid and rifampicin, and, more recently, on rifampicin-resistant
TB (1-3). Conversely, isoniazid-monoresistant tuberculosis (isoniazid-resistant and
rifampicin-susceptible TB, HR-TB), has been often overlooked. However, HR-TB is the most
prevalent form of drug-resistant tuberculosis worldwide (besides streptomycin resistance),
accounting for 11% (95% CI, 6.5-15%) of all incident cases of TB in 2019 (1). Until recently,
HR-TB was thought to have similar treatment outcomes compared to drug-susceptible TB (4),
leading to this apparent lack of interest. Nevertheless, many studies have recently shown that
HR-TB is associated with higher rates of treatment failure and relapse than drug-susceptible
TB (5-11), underlining the importance of early diagnosis and appropriate management of
HR-TB. Moreover, poor treatment outcomes seem to be associated with HR-TB regardless of
the level of isoniazid resistance (12, 13, 14-16).

Currently, WHO recommends performing early testing for resistance to isoniazid and
rifampicin, if possible, or at least to rifampicin, among all suspected TB patients (17).

Recent guidelines for TB management in the European Union recommend the routine
implementation of molecular testing to detect resistance to both rifampicin and isoniazid
among all microbiologically-confirmed TB patients (18). These guidelines are supported by a
modelling study published in 2012, which suggested that performing these tests before
treatment is the most cost-effective strategy to avert deaths and prevent acquired MDR-TB

(19).
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With rapid molecular testing, resistance to isoniazid can be detected at an early stage, if tests
are performed directly on an initial clinical sample. Mutations in the katG gene and the inhA
gene promotor are frequently involved in isoniazid resistance and can be detected by first-line
line-probe assays (FL-LPA), in situ hybridization techniques on nitrocellulose strip. The Hain
GenoType MTBDRplus version 2.0 assay, a last generation FL-LPA, has shown better
performance compared to the previous version in the detection of mutations conferring
resistance to isoniazid (20). In addition, this test detects mutations in the rpoB gene, involved
in rifampicin resistance. The GeneXpert MTB/RIF assay (Cepheid, USA) is currently widely
used worldwide for rapid molecular identification of Mycobacterium tuberculosis and
mutations conferring resistance to rifampicin. This assay does not detect mutations associated
with resistance to isoniazid, and thus focuses on RR-TB. The new release of the Xpert
MTB/XDR assay will help filling this gap, but this was not available at the time of the study.
Finally, WGS has the potential to detect resistance to both drugs but is currently rarely
implemented in routine.

Until 2018, the optimal treatment regimen for HR-TB was still unclearly defined and
guidelines were based on low levels of evidence, likely leading to heterogeneous medical
practices. In 2014, the WHO recommended a three-drug regimen combining rifampicin,
ethambutol, and pyrazinamide for 6 to 9 months, with the possible addition of a
fluoroquinolone (21). Due to a lack of data, no further recommendation was made in the 2016
WHO guidelines for drug-resistant TB (22). In 2018, the World Health Organization (WHO)
published the first evidence-based treatment guidelines for HR-TB, recommending a 6-month
regimen including rifampicin, ethambutol, pyrazinamide, and a fluoroquinolone (levofloxacin
or moxifloxacin) (23).

France is a low-incidence country regarding TB. TB diagnosis and care is largely

decentralized and TB patients can be managed in general or university referral healthcare
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centres or in the private sector. A National Reference Centre for Mycobacteria is available to
provide advice on diagnosis and treatment of TB patients, whenever necessary. According to
data provided by this National Reference Centre, around 5% of all TB patients are HR-TB,
three times as prevalent as MDR-TB (24). Yet, the last French guidelines for TB diagnosis
and treatment, published by the High Committee of Public Health in 2014, did not provide
any specific recommendation concerning HR-TB treatment (25). To date, no data is available
concerning the management of HR-TB in France.

The primary objective of this study was to assess the consequences of diagnostic method of
HR-TB in France on the management of antituberculosis drug regimens. The secondary
objectives were to describe the diagnostic methods used for HR-TB management, to evaluate
the compliance of HR-TB treatment regimens with international guidelines and to assess their
impact on treatment outcomes. For this purpose, we reanalyzed data of a study performed

recently to identify characteristics and risk factors for HR-TB in France (26).
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Methods

1. Study design
Population

A retrospective, multicentre cohort study included all consecutive HR-TB patients diagnosed
by laboratories members of the AZAY-mycobacteria network from January 1, 2016, to
December 31, 2017, in the Ile-de-France region (Paris and its suburbs), and the cities of Caen,
Lille, and Strasbourg (26, 27). All patients had microbiologically confirmed TB with

phenotypic resistance to isoniazid and susceptibility to rifampicin.

Data collection

Demographic, clinical, radiological, and microbiological characteristics at baseline were
extracted from medical files. Microbiological tests and time to HR-TB diagnosis, as well as
treatment regimens were recorded. Among molecular tests, we reported the implementation of
FL-LPA and katG and inhA genes sequencing on clinical sample or strain. We also reported
GeneXpert tests performed, although not relevant to detect isoniazid resistance, because of its

wide use in France. Collected data was collated using Epidata v.4.4.3.1.

Definitions

Isoniazid resistance was defined as phenotypic resistance with a minimal inhibitory
concentration (MIC) >0.2 pg/mL on Lowenstein-Jensen medium or >0.1 pg/mL on MGIT
liquid medium. All tests performed at the local laboratory for identification of drug
susceptibility were recorded. In addition, some isolates were sent to the French National
Reference Centre for mycobacteria for additional testing.

Adequate treatment for HR-TB patients was defined as the prolongation of ethambutol and

pyrazinamide during the continuation phase, as recommended by WHO in 2014 (21), or as the
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addition of a fluoroquinolone for >30 days according to 2018 WHO guidelines (23). Time to
adequate treatment was calculated starting from the diagnosis of TB. Treatment outcomes

were defined as per 2021 WHO definitions (28).

2. Statistical analysis
Fisher’s exact test and Wilcoxon-Mann-Whitney test were used to compare categorical and
quantitative variables between patients who beneficiated from a rapid molecular test for HR-
TB on the initial sample and those who did not. A Cox proportional hazards model was
performed to compare time to adequate treatment between the aforementioned groups and to
adjust for confounding factors. Explanatory variables were included in the initial Cox model
if p<0.20 in univariate analysis. Redundant variables were removed. Similarly, some variables
were added to the model when considered clinically relevant and potentially confounding.
Missing data was considered as missing at random and managed with multiple imputation
using the Mice function on RStudio. A stepwise regression was used with the Step function.
The proportional hazard hypothesis was verified with Schoenfeld residuals. Survival analysis
was performed and Kaplan-Meier curves were plotted to describe time to adequate treatment;
patients who performed a rapid molecular test for HR-TB on the initial sample and those who
did not were compared using a log-rank test. A logistic regression was performed to identify
factors associated with a favorable treatment outcome. Explanatory variables were chosen as
explained above. All statistical analysis were performed using RStudio version 1.2.5. All

statistical tests were bilateral, and significance was determined as p<0.05.
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3. Ethics
The study was approved by the ethic committee of the Bligny Hospital (Briis-sous-Forges,
France) in October 2018 and registered in the treatment register of Assistance Publique des

Hopitaux de Paris under the following registration number: 20190822142246.



142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

Results

1. Descriptive analysis of the population
Overall, 99 HR-TB patients were included in the study. Almost 70% were male and aged less
than 45 years. More than 80% were foreign-born, mostly living in France for less than a
decade. Overall, 82% of the patients had pulmonary tuberculosis, 10% had been treated

previously for TB, and less than 10% were HIV-positive or immunosuppressed (table 1).

2. Diagnostic methods used for the management of HR-TB
By definition, all 99 patients had phenotypic drug susceptibility testing (DST) concluding to
isoniazid resistance. Considering any molecular test to detect isoniazid resistance, 69 (70%)
beneficiated from a molecular test only on a positive culture, 14 (14%) directly on a clinical
sample (among which 4 had a test also performed on a positive culture), and 16 (16%) had no
test performed. Among the 83 patients who had molecular testing for isoniazid, isoniazid
resistance-conferring mutations were found in 73 cases, including mutations in katG (n=42,
58%), in the inhA gene promoter (n=28, 38%), or in both (n=3, 4%). For 10 patients,
molecular testing did not identify any isoniazid resistance-conferring mutation (data not

shown).

The TB and DST molecular diagnostic strategy analyzed by smear-test results is presented in
Figure 1. Among the 46 smear-positive patients, 11 (24%) FL-LPA and 30 (65%) GeneXpert
MTB/RIF were performed on the initial clinical sample, while 5 had no molecular test
performed at this stage. FL-LPA identified isoniazid resistance in 9 cases, while in two cases
the result was not interpretable. A second FL-LPA performed on positive culture identified

isoniazid resistance-conferring mutations for one of the latter and for the second, isoniazid
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resistance was diagnosed by phenotypic DST. Among the 35 smear-positive patients with no
initial isoniazid molecular test (76%), isoniazid resistance was diagnosed by FL-LPA on
positive cultures (n=23) or by phenotypic DST (n=12).

Among the 53 (54%) smear-negative patients, 3 (6%) FL-LPA and 12 (23%) GeneXpert
MTB/RIF were performed on a clinical sample. Results of the three FL-LPA were either non
interpretable (n=2) or negative (Figure 1). For 2 of these 3 patients, FL-LPA performed later
on positive culture detected isoniazid resistance-conferring mutations. Out of the 50 (94%)
smear-negative remaining patients, 41 and 1 had FL-LPA or katG plus inhA sequencing
secondarily on positive cultures (N=41), respectively, and 38 isoniazid-conferring mutations
were detected. In the remaining 12 patients, isoniazid resistance was identified by phenotypic
DST. Comparison between molecular and phenotypic drug susceptibility testing regarding

1soniazid resistance is detailed in the supplementary table 1.

3. Treatment regimens and outcomes

Treatment regimens

Overall, the 99 HR-TB patients received a total of 13 different treatment regimens (Table 2).
A total of 27 (27%) patients were treated with the standard regimen for drug-susceptible TB,
including seven for whom isoniazid was stopped with no further therapeutic adaptation.
Among the 72 (73%) patients who were treated adequately, 56 (57%) received a
fluoroquinolone for a median duration of 176 days (25 weeks), including moxifloxacin for 45
(80%) or levofloxacin for 11 patients (20%). The other 16 patients (16%) received the
standard regimen with a prolonged course of ethambutol (172 days - 24 weeks) and

pyrazinamide (182 days - 26 weeks) (Supplementary table 2).
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Impact of the early implementation of FL-LPA on time to adequate treatment

Time from TB diagnosis to initiation of adequate treatment was significantly shorter among
HR-TB patients for whom isoniazid resistance was detected by molecular testing on the initial
sample compared to the others, with a median of 28.5 [(95% confidence interval (CI): 20-90])
and 90 [95% CI: 43-90] days, respectively (p=0.03, Figure 2). In a multivariable Cox model,
after adjustment for immunosuppressive condition and treatment regimens, the
implementation of molecular testing on the initial sample was independently associated with a

shorter time to adequate treatment (HR 2.0 [95% CI: 1.1-3.8]).

Impact of molecular testing and treatment regimens on outcomes

Overall, 75 (76%) of HR-TB patients achieved treatment success: 10 (10%) were cured and
65 (66%) completed treatment. Two (2%) HR-TB patients experienced treatment failure
among which one acquired an MDR-TB strain. There was a total of four (4%) all-cause
deaths. Finally, 16 (16%) patients were lost to follow-up and no data was available for 2 (2%)
patients. In multivariable analysis, when adjusting for age, sex, immunosuppression, smoking,
prior history of TB treatment, extrapulmonary TB, disseminated TB, radiological
characteristics (presence of miliary or cavity), neither the use of a FL-LPA on the initial
clinical sample, nor the type of isoniazid resistance-conferring mutation (katG or inhA), were
significantly associated with treatment success (table 3). However, adequate treatment was
strongly and independently associated with treatment success (OR=37.5 [95% CI: 7.6-298.5];
p=0.001). When adequate treatment was differentiated according to the use of a
fluoroquinolone or not, both treatment regimens were statistically associated with treatment

success (fluoroquinolone-including regimens: OR=46.2 [95% CI: 8.3—415.3]; p<0.001;

10
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Discussion

In a multicentre retrospective cohort reporting on the management of HR-TB in France, we
have shown that performing a molecular test such as FL-LPA on the initial clinical sample
shortens the delay to adequate treatment. We also report that this strategy is scarcely
implemented in France, precluding the opportunity for early detection of isoniazid resistance
and, consequently, early treatment adaptation. To our knowledge, this is the first study to
describe the management of HR-TB in France in terms of rapid molecular testing and
treatment, and to assess its consistency with international guidelines, as well as the impact on
TB treatment outcome.

In our study, only one-fourth (24%) of smear-positive HR-TB patients had a molecular test
performed on a clinical sample for early detection of isoniazid resistance, and this test
allowed detecting isoniazid resistance in most of them. Of interest, a GeneXpert MTB/RIF
assay was performed for 2/3rd of smear-positive HR-TB patients, allowing elimination of
MDR-TB but overlooking HR-TB. In 2019, Romanowski et al. showed in their modelling
study that the implementation of rapid molecular testing on initial clinical samples for both
isoniazid and rifampicin resistance, compared to GeneXpert MTB/RIF alone, would result in
a 50% reduction of acquired MDR-TB strains (29). Similar results were highlighted by an
epidemiologic study performed in rural China (30). Hence, the lack of early rapid molecular
testing that leads to late diagnosis of HR-TB patients in France may ultimately result in an
increased risk of secondary MDR-TB. In addition, we showed that early identification of
isoniazid resistance on a clinical sample was independently associated with a shorter time to
adequate treatment.

Conversely, none of the three patients with smear-negative samples had isoniazid resistance

detected by molecular tests at an early stage (one wild-type and two uninterpretable results),

12
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suggesting a lack of performance of this test on smear-negative TB samples. These findings
confirm previous reports showing an estimate of 44% of interpretable results on smear-
negative samples, compared to 89% on smear-positive samples, with an overall sensitivity
and specificity of 89.2% (95% CI: 85.8-91.9) and 98.4% (95% CI: 97.5-98.9), respectively,
on smear-positive samples (31). Indeed, WHO currently recommends to perform this test on
smear-positive samples only (32). The overall implementation of molecular testing to detect
HR-TB was disappointingly low in our study. Out of 20 participating centres, only 5
performed FL-LPA on initial sample, with most tests being performed in one centre. This may
be linked to the priority given to the detection of rifampicin resistance and MDR-TB in the
last years, and to the preferential implementation of easy-to-use molecular assays, such as
GeneXpert MTB/RIF. The latter molecular assay was performed substantially more often
(42% of all patients, 65% of smear-positive samples) than molecular tests for the detection of
isoniazid resistance. The issue of the new Xpert MTB/XDR assay including INH testing will
make HR-TB detection easier for laboratories already using the geneXpert technique,
although the former it is not coupled with the rifampicin assay. In addition, evidence
describing the important impact of isoniazid resistance on treatment outcome emerged only
recently. The lack of clear French guidelines concerning rapid microbiological diagnosis and
management of isoniazid resistance may also have contributed to these findings. Latest
national guidelines published by the High Committee for Public Health date from 2014. In
this document, the use of molecular tests is recommended for the diagnosis of TB and the
detection of rifampicin resistance; conversely, molecular testing for the diagnosis of isoniazid
resistance is only encouraged when possible. These national guidelines are now outdated and

should be replaced in clinical practice by international guidelines.
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In our cohort, HR-TB treatment was substantially heterogeneous with 13 different treatment
regimens reported. Of concern, more than one quarter of patients (27%) were treated
inadequately according to 2014 and 2018 WHO guidelines. The great heterogeneity of
observed HR-TB treatment regimens reflects the absence of consensual and evidence-based
guidelines before 2018, but also the lack of awareness of clinicians and microbiologists on the
consequences of isoniazid monoresistance on treatment outcomes. inhA mutations, which are
usually associated with low level of isoniazid resistance, were identified among more than a
quarter of the cohort. This could partly explain why some treatment regimens were not
modified after knowledge of isoniazid resistance. Nevertheless, poor treatment outcomes have
been associated with HR-TB regardless of the level of isoniazid resistance in several studies
).

Among the 72 adequately treated HR-TB patients, 56 received a fluoroquinolone, mainly
moxifloxacin. Of interest, among patients treated with fluoroquinolones, DST for
fluoroquinolones was performed in less than 50% of patients, in contrast with WHO
recommendations (23). In our cohort, unsurprisingly, adequate treatment was associated with
better treatment outcomes. Although a recent meta-analysis by Fregonese et al. showed better
treatment outcomes of HR-TB with fluoroquinolone-including regimens (33), we found no
association between the use of fluoroquinolones and treatment outcomes. This result is
consistent with the retrospective cohort by Stagg et al. which showed similar treatment
outcomes between regimens including or not including any fluoroquinolone (34).
Nevertheless, our study may not be powered to detect any difference between these groups.
Our study has some limitations. First, the retrospective design introduces unavoidable bias.
For instance, we could not report the reasons and motivation leading to the clinicians’ choice
of a specific treatment regimen. Second, the lack of clear and consensual guidelines, in

particular at a national level in France, made it complicated to define “adequate treatment”.
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We finally chose a definition based on both 2014 and 2018 WHO guidelines. In our
definition, the addition of fluoroquinolone for at least 30 consecutive days was considered
adequate; this could lead to a slight overestimation of adequately treated patients. Third, with
a few exceptions, most of the cases were diagnosed and treated at University Hospitals or in a
sanatorium. Consequently, the results of the study represent reference-level practices and may
not reflect adequately the situation in the whole country.

In conclusion, the diagnosis of HR-TB in France appears to be often delayed due to the lack
of implementation of adequate rapid molecular testing on clinical samples. In our study, less
than one quarter of smear-positive HR-TB patients had a rapid molecular test performed on
the initial sample. As no risk factor have yet clearly been identified to screen TB patients at
risk of HR-TB in France (26), we suggest rapid diagnosis of isoniazid resistance to be
systematically implemented on smear-positive sample. In addition, disseminating recent
guidelines for the management of HR-TB may be necessary to increase awareness of
microbiologists and clinicians, and ensure that treatment regimens are designed according to
current state-of-the-art. Despite its significant prevalence among resistant TB and its higher
risk of treatment failure, HR-TB has been overlooked for a long time. In the era of tailored

regimens for tuberculosis, we cannot afford to ignore the relevance of HR-TB anymore (35).
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469 Tables

470
471
472  Table 1. Baseline characteristics of isoniazid-resistant tuberculosis patients (N=99).
Baseline characteristics of HR-TB patients N (%)
Male sex 69 (70)
Age (median), years 35
HIV infection 909
Immunosuppression 909)
Previous TB treatment 10 (10)
Foreign-born 82 (83)
Length of stay in France for foreign-born
patients (years)
<5 35 (43)
>5 29 (35)
No data 18 (22)
Extra-pulmonary TB (with or without 71 (72)
pulmonary TB)
473

474



475

476
477
478
479
480

Table 2. Treatment regimens of isoniazid-monoresistant tuberculosis patients (N=98).

Treatment Treatment details Total, N (%)
Addition of a FQ only 35 (35)
FQ and prolongation of E 33)
FQ  FQ and prolongation of Z 4 (4) 52
Adequate FQ and prolongation of E and Z 10 (10) (53)
treatment
Prolongation of E and Z 14 (14) 14 (14)
Standard treatment regimen for DS-TB 20 (20)
Inadequate Interruption of H 7(7) 32 (32)
treatment Prolongation of E 5()

H= isoniazid, FQ= fluoroquinolones, E =ethambutol, Z = pyrazinamide.
Overall, 13 different regimens were listed when considering treatment changes on isoniazid
(continuation or interruption). Treatment data was missing for one patient.
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481  Table 3. Characteristics of isoniazid-resistant tuberculosis patients according to treatment
482  outcomes (N = 99).
483
Variable
HR-TB with HR-TB with )/ )/
favourable unfavourable | (univariable) | (multivariable)
outcome outcome
(N=75) (N=24)
Median age 31 37 0.39
Female sex 24 (32%) 6 (25%) 0.61 0.21
Immunosuppression 5 (7%) 4 (17%) 0.21 0.07
Smoking history 21(28%) 4 (17%) 0.12 0.02
Prior history of TB treatment 7 (9%) 3 (13%) 0.70 0.42
Extrapulmonary TB 51 (68%) 20 (83%) 0.20 0.10
Disseminated TB 10 (13%) 13 (54%) 0.73 0.29
Presence of miliary 6 (8%) 5(21%) 0.21 0.20
Presence of cavity 30 (40%) 11 (46%) 0.64 0.04
FL-LPA implementation on 10 (13%) 4 (17%) 0.66 0.40
sample
inhA mutation 21 (28%) 6 (25%) 1.00 0.20
Genotypic katG mutation 32 (43%) 12 (50%) 0.64 0.05
results inhA+ katG 3 (4%) 0 1.00
mutation
NA 19 (25%) 6 (25%)
Low-level of H 19 (25%) 7 (29%)
Phenotypic resistance
level of | High-level of H 50 (67%) 16 (67%) 0.86 0.15
resistance resistance
NA 6 (8%) 1 (4%)
With 47 (62%) 7 (29%) 0.01
Adequate fluoroquinolone
treatment
Without 11 (15%) 3 (13%) 1.00
fluoroquinolone
Inadequate treatment 17 (23%) 14 (58%) 0.04 <0.001
regimen
484
485
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Figure 1: Microbiological diagnosis of isoniazid resistance among all isoniazid-monoresistant tuberculosis patients.
FL-LPA=First-Line Line Probe Assay (Hain GenoType MTBDRplus). DST: Drug Susceptibility Testing.
HR=diagnosis of isoniazid resistance. inhA + katG seq= inhA and katG genes sequencing.
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49 Figure 2: Reversed Kaplan-Meier curve showing time to adequate treatment according to availability of a first-line line probe
49 assay on the initial sample among isoniazid-resistant patients (N=99) (p=0.032 with log-rank test). Time to treatment adaptation
starts at tuberculosis diagnosis. The blue curve represents patients for whom first-line line probe assay was performed on initial
sample (N=14), the red curve those who had no first-line line probe assay performed on initial sample (N=85).
Discontinued lines represent median time to adequate treatment for both groups.
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