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Abstract

Multisite Evaluation of Phenotypic Mycobacterium tuberculosis Drug Susceptibility
Testing Methods
By Amy Whitesell

Drug susceptibility testing (DST) of Mycobacterium tuberculosis (MTB) is crucial in
rapidly detecting and eliminating drug resistance. However, phenotypic DST
methods have proven difficult to standardize, and previous studies have shown
that discordant DST results may occur between and within laboratories based on
multiple factors including method, drug, concentration, and genetic mutation(s)
present in the isolate. To further investigate this discordance, an expanded
Model Performance Evaluation Program (MPEP) study was conducted by the
Centers for Disease Control and Prevention (CDC) Division of Tuberculosis
Elimination, Laboratory Branch and the Association of Public Health
Laboratories (APHL). Thirty MTB isolates previously characterized by CDC DST
methods were available, including 8 sets of duplicates. These were sent to a total
of 12 public health and clinical laboratories where phenotypic DST was
performed by three different methods: indirect agar proportion method,
BACTEC™ mycobacterial growth indicator tubes (MGIT) 960™, and Sensititre™
Mycobacterium tuberculosis MIC plate. Molecular detection of drug resistance
(MDDR) was also performed by sequencing target loci to detect mutations
associated with drug resistance. Site-specific agreement with a growth-based,
expected result as well as agreement with a composite result incorporating
resistance-conferring mutations was assessed. A Fleiss kappa estimate was
calculated in order to measure interlaboratory agreement independent of
previous characterization. Agreement was found to vary by site, method, drug,
and concentration. Interlaboratory agreement and agreement to the expected,
growth-based result was highest for amikacin and kanamycin (range: 0.90 [95%
CI: 0.71, 1.00], 1.00 [95% CI: 1.00, 1.00]) and lowest for ethambutol and para-
aminosalicylic acid. Agreement with the composite result was worse for rifampin
and rifabutin compared to agreement with the expected results, and improved
for capreomycin. Many findings were consistent with previously described
patterns of discordance, and further supported evidence that discordant results
can be observed across multiple methods, drugs, and strains.
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CHAPTER I: BACKGROUND

I. TUBERCULOSIS & DRUG RESISTANCE

Tuberculosis (TB) is a major public health concern and one of the leading causes
of death worldwide, despite the existence of effective treatment capable of curing the
disease with timely diagnosis and proper administration. In 2016, there were an estimated
10.4 million cases and 1.3 million deaths attributable to TB, making it the leading cause
of death due to a single infectious agent (1). Currently, the standard treatment for drug-
susceptible (DS) TB is a six-month regimen consisting of the four first-line
antituberculosis drugs: rifampin (RMP), isoniazid (INH), ethambutol (EMB), and
pyrazinamide (PZA). First-line treatment typically requires a two-month intensive phase
involving a daily dose of all four drugs, followed by a four-month continuation phase that
includes only RMP and INH; however, the length of treatment ultimately depends on
patient response as well as associated risk factors present (1, 2). With proper and timely
administration, treatment of DS-TB has a reported >90% cure rate, and in 2016, had an
85% global completion rate (1, 3).

Although global cases of TB have been in decline, the emergence of drug
resistance jeopardizes progress made by TB control and elimination programs and
threatens to become a greater issue as resistant strains become a larger proportion of TB
cases in the future (1, 4). While any degree of drug resistance increases the likelihood of
poor treatment outcomes compared to DS-TB, there are two definitions of particular
clinical significance regarding drug resistant (DR) TB (5). Multidrug-resistant TB (MDR-
TB) refers to TB that is resistant to at least the two most effective first-line drugs, RMP

and INH, and extensively drug-resistant TB (XDR-TB) refers to MDR-TB that has
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additional resistance to at least one fluoroquinolone (FQ) and at least one second-line
injectable (SLI) (1). RMP-resistant TB (RR-TB) is also of particular clinical significance,
as RMP resistance alone is an important indicator of treatment failure (1, 6).

In 2016, there were an estimated 600,000 cases of RR/MDR-TB worldwide,
including 490,000 estimated MDR-TB cases, and an estimated 240,000 deaths
attributable to RR/MDR-TB (1). Reports of RR-TB have increased in recent years due to
the increased global use of the Xpert MTB/RIF® assay, which allows for rapid and
simultaneous detection of TB and RMP resistance (1). Notably, RR-TB incidence may be
indicative of undetected MDR-TB, as further INH susceptibility results may not be
available in certain settings (1). Additionally, by the end of the year, 123 countries had
reported at least one case of XDR-TB (1). MDR-TB and XDR-TB are associated with
higher morbidity and mortality, and require a lengthy treatment regimen utilizing
expensive second-line drugs with higher toxicity, lower efficacy, and more adverse side-
effects (1, 7-9). Compared to patients with drug-susceptible strains, MDR-TB patients
have a significantly higher all-cause mortality rate and a lower rate of recurrence-free
survival (10, 11). Additional resistance to second-line drugs has been found to
significantly increase mortality risk; therefore, patients with XDR-TB have even lower
rates of survival and worse long-term outcomes compared to MDR-TB (7, 12-15).

Treatment of DR-TB ideally consists of a combination of effective second-line
drugs and any remaining first-line drugs to which the strain is susceptible. A regimen
typically consists of at least 5 drugs, and should always include at least 4 that are known
to be effective (8, 16). However, this individualized treatment requires knowledge of

drug susceptibility, which is not always available, especially for second-line drugs. In
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areas without regular second-line drug susceptibility testing (DST), a standardized MDR-
TB treatment may be utilized based on the estimated prevalence of resistance in a
population (17). The majority of second-line treatment regimens were designed to last 20
months or longer, with many lasting 2 years or more, depending on the patient (8,16).
Recently, a shorter MDR treatment course lasting 9-12 months has been recommended
for patients who have not been previously treated with second-line drugs and for whom
second-line resistance is not expected (1, 16). These longer regimens involving a larger
number of drugs are associated with lower adherence and treatment success rates.
Compared to an overall treatment success rate of 83% for global TB cases, the success
rate for RR/MDR-TB treatment is 54% and is even lower for XDR-TB, with less than a
third of XDR patients (30%) reported to have completed treatment in 2016 (1).

Additionally, the financial burden of DR-TB is significantly higher compared to
that of DS-TB. A study conducted between 2005 and 2007 by the Centers for Disease
Control and Prevention (CDC) abstracted patient data from three high-burden states in
the United States and found the average direct cost of MDR-treatment was $134,000,
which is nearly an 8-fold increase compared to the average DS-TB treatment cost of
$17,000. Furthermore, the average cost of XDR-TB treatment was $430,000, over three
times higher than MDR-TB treatment (18).

Errors in the prescription of drug regimens, management of drug supply, patient
management, and treatment delivery processes can all contribute to the evolution of DR-
TB strains (19). Therefore, resistance has emerged on multiple occasions worldwide,
frequently originating in areas of both high TB incidence and improper treatment

practices (5, 17, 20). Differing from other bacteria in that horizontal gene transfer of


https://paperpile.com/c/GNOQR8/bnqXO
https://paperpile.com/c/GNOQR8/dTPe1+bqvdZ
https://paperpile.com/c/GNOQR8/bqvdZ+AdXrV
https://paperpile.com/c/GNOQR8/AdXrV
https://paperpile.com/c/GNOQR8/KdCFl
https://paperpile.com/c/GNOQR8/qxc9G
https://paperpile.com/c/GNOQR8/sqeUV+bnqXO+Hes9y

resistance plasmids does not contribute to the acquisition and spread of drug resistance,
DR-TB strains are caused by the slow, adaptive process of these errors enacting selective
pressures that allow strains with resistance conferring mutations to survive and multiply
(5, 21). These mutations are primarily found in loci associated with inhibiting direct
interaction between the drug and its target, preventing prodrug conversion, or affecting
other mechanisms that diminish the impact of the drug, such as overexpression of the
drug target (5, 21). Resistance to multiple drugs, therefore, requires the sequential
acquisition of multiple resistance conferring mutations, usually at multiple target loci (5).
In addition to DR-TB developing in patients due to inappropriate previous treatment,
referred to as acquired resistance, drug resistant strains can also be spread via person-to-
person transmission from someone with TB disease due to drug resistant strains, referred
to as primary resistance (19).

To effectively combat both the emergence of resistance and transmission of
resistant strains, it is necessary to ensure the rapid detection and elimination of both DS
and DR-TB (5). However, major gaps still exist in the detection of DR-TB (1, 22).
Delays in diagnosis are common, and in 2016, only an estimated 26% of global
RR/MDR-TB cases were detected and reported to national surveillance systems (1, 22).
These gaps are likely wider for detection of XDR-TB, as it requires second-line DST in
order to diagnose, which is not readily available in many low-resource and high-burden
settings. Failure to detect drug-resistance can lead to the utilization of ineffective
treatment regimens that can cause further acquisition of resistance and allow for ongoing
transmission of the strain. This has been documented in South Africa, where the use of a

standardized MDR treatment regimen, rather than routine susceptibility testing, led to
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improper treatment of undetected pre-XDR TB, causing the emergence and transmission
of XDR-TB as well as cases of “totally drug resistant” (TDR) TB, which is sometimes
used to describe strains resistant to all first- and second-line drugs tested (17, 23). This
exacerbation of drug resistance due to the lack of susceptibility results emphasizes the

importance of accurate and rapid detection of resistance in TB control and elimination.

Il. DRUG SUSCEPTIBILITY TESTING OF TB

DST is essential in helping clinicians determine optimal drug regimens for
patients, in turn preventing transmission of disease and acquisition of additional
resistance, as well as accurately assessing the burden of drug-resistant strains in a
population (12, 24, 25). DST is recommended for all TB patients, and universal coverage
is a major component of the World Health Organization (WHO) End TB Strategy, as it is
an important tool in detecting and eradicating resistance as it emerges (1, 5, 16).

While coverage of DST, particularly for RMP, has been increasing globally since
2009, coverage varies from country to country, and there is still a great need for
strengthening laboratory capacity in resource-limited settings to guarantee timely and
accurate results (1, 12, 22). Second-line DST is necessary for the detection of XDR-TB
and individualized second-line treatment. However, standardization of second-line DST
has been a slow process, and there are still gaps in knowledge concerning the correlation
between second-line DST results and clinical outcomes, leading to poor clinical
predictive values for some drugs (25, 26).

DST can be conducted utilizing phenotypic or molecular methods (1). Molecular

DST methods typically involve the detection of mutations associated with the resistant
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phenotype at specific loci in the Mycobacterium tuberculosis (MTB) genome (25, 27).
These methods have the potential for shorter turnaround times (TATS) as well as accurate
results (5, 27). Molecular methods may, in some cases, offer better predictability of
resistance due to the association of certain genetic loci and mutations with variations in
phenotypic expression of resistance that may not be detected by phenotypic methods,
such as low-level resistance (5, 28). However, there are several limitations associated
with these methods, including insufficient coverage of the MTB genome by some
currently available assays, lack of knowledge concerning resistance conferring loci and
mutations, and the lack of an easily deployable point of care test especially those
associated with second-line drugs. For these reasons, molecular methods have often been
recommended as an adjunct to phenotypic methods (25, 27, 29, 30). Despite these
potential barriers, some molecular methods, such as the Xpert MTB/RIF® assay, may be
easier to implement as they may not require the complex biosafety infrastructure needed
for phenotypic methods and may involve limited training by comparison (1, 31).
Recently, methods such as whole genome sequencing allow for a thorough analysis of
known and unknown mutations associated with drug resistance and have the potential to
detect the emergence of resistance to newer drugs as it occurs, allowing new treatment
regimens to remain effective for a longer period of time (5).

Most phenotypic DST methods, also referred to as growth-based methods,
determine an isolate’s susceptibility by observing growth of MTB isolates in the presence

of a specified concentration of drug (25, 28).
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Indirect Agar Proportion

The indirect agar proportion method (APM) is considered the gold standard
method and is typically used as a reference when evaluating new methods. This method
involves inoculating solid agar containing a critical concentration (CC) of drug with
MTB and calculating the proportion of growth seen on the drug-containing agar
compared to the growth seen on an inoculated drug-free agar. An isolate is considered
resistant if there is observed growth greater than or equal to 1% of the growth seen on the
drug-free agar (25, 32). This is based on the theory that all wild-type (WT) strains contain
some mutants with antimicrobial resistance, and the difference between clinically
resistant and susceptible strains is the proportion of these mutants present (32).

The use of CCs differs from many other microbiology procedures that test a series
of drug dilutions in order to determine the minimum inhibitory concentration (MIC),
defined as the lowest concentration to inhibit visible growth of MTB in vitro (25, 28). In
contrast, the CC for a given drug is defined as the concentration that inhibits >95% of
WT strains that have never been exposed to antituberculosis medication while allowing
growth of resistant strains (28). This concentration can be determined by the
epidemiological cut-off (ECOFF) value, which is defined as the highest MIC value
within a WT distribution and, hypothetically, corresponds to the concentration that best
discriminates between resistant and susceptible isolates (25, 28, 33, 34). Therefore, if the
recommended CC for a given drug significantly differs from the corresponding ECOFF
value, it can lead to poor correlation between DST results and clinical outcomes (28, 34).

Originally, CCs were established using Léwenstein—Jensen (LJ) media. Equivalent
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critical concentrations were later established for other media, such as Middlebrook 7H10
and 7H11, as well as liquid media and are expected to provide equivalent results to those
obtained using the LJ proportion method (25).

While this method is typically thought to produce results that correlate well with
clinical outcomes, TATSs associated with APM are long, usually 1-2 months from time of
MTB identification (25, 29). Additionally, solid media is not recommended in testing the
first-line drug PZA due to the acidic conditions required for optimal drug performance
(25). Some discrepancies have been reported for APM DST, including some possible
differences between 7H10, 7H11, and LJ media, which could be affected by site-specific
differences in laboratory procedures as well as failure to detect low-levels of resistance

that may be clinically significant (35-37).

BACTEC MGIT 960

Automated broth systems, such as the BACTEC™ mycobacterial growth
indicator tubes (MGIT) 960™, allow for shorter TATs of about one week, but are not
FDA approved for testing second-line agents (25, 29, 33). The MGIT system was
originally evaluated using the radiometric BACTEC™ 460 TB system (BACTEC 460) as
a reference, rather than the proportion method, and therefore, may not be well calibrated
to clinical results (29, 38). Concerns related to the radioactivity associated with the
BACTEC 460 system eventually led to its replacement with the MGIT system, which had
overall high agreement with BACTEC 460 despite some discrepancies reported between
the two methods (38-40). Additionally, both systems have a low associated sensitivity in

detecting EMB resistance as well as borderline RMP resistance compared to APM, which
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has led to the questioning of MGIT results and their reliability (6, 29, 38). This method
has also been associated with higher rates of contamination compared to other methods,
leading to repeat testing and delayed results (38). MGIT may not be practical in all
settings, particularly those with fewer resources, due to the high cost, and need for

technical support, stable electricity, and trained personnel (29, 30).

Sensititre MIC Plate

The Sensititre™ Mycobacterium tuberculosis MIC plate (Sensititre) allows the
simultaneous testing of 12 first- and second-line antituberculosis drugs included on the
plate, determining the MIC values associated with each (41). Both the APM and MGIT
methods return qualitative results, classifying an isolate as either “resistant” or
“susceptible,” which may not capture the true range of resistance that can be seen
clinically (42). The quantitative result returned by Sensititre could potentially better
inform clinicians of the degree of resistance associated with a particular strain (41-43). In
some cases, the dose of a drug may be increased in the presence of a MIC value
indicating borderline resistance, allowing the inclusion of more effective drugs in a given
regimen. Alternatively, if an MIC value indicates a high level of susceptibility, the dose
of a drug may be reduced in order to avoid adverse side-effects (42).

Studies have shown high agreement between APM and Sensititre, with a few
exceptions regarding certain drugs (21, 26, 41, 44, 45). Additionally, the MIC plate has a
2-year shelf-life, is quality controlled by the manufacturer, and can utilize the same
inoculum as rapid broth testing methods (41). However, this methodology is not yet FDA

approved and standardized MIC breakpoints have not been established for this method,
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making it difficult to determine whether an isolate should be reported as resistant or
susceptible (41, 42, 45). Previous studies have used recommended CCs for Middlebrook
7H10 APM as breakpoints to determine susceptibility and resistance. However, some
CCs, such as those for INH and EMB, are not included on the MIC plate, which may

explain some discordance observed between methods for these drugs (44, 45).

I11. DISCORDANCE

These phenotypic methods have proven difficult to standardize, and previous
studies have shown that discordance between DST results can occur between and within
laboratories as well as methods (21, 26, 35-37, 41, 43-46). Discordant results not only
cause confusion for a clinician, but can delay proper treatment in individuals, increasing
the likelihood of transmission, additional resistance, and treatment failure (7, 23, 37, 47).
While differences in laboratory procedures may cause some level of disagreement
observed between sites, previous analyses of DST data have indicated an overall high-
level of agreement among proficient laboratories, with errors typically pertaining to
certain combinations of methodology, drug, and strain (29, 35, 45).

Certain drugs are thought to have higher rates of these errors due to their
established CCs failing to accurately discriminate between the MIC distributions of WT
and resistant strains (48). This would lead to oscillation between resistant and susceptible
results and poor reproducibility, even within a laboratory (26, 45). Additionally,
qualitative DST results fail to capture the heterogeneity of resistance phenotypes, with
low-level but still clinically relevant resistance difficult to detect by growth-based

methods (6, 28, 36, 37). In these cases, isolates tend to have MIC values close to the CC;
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therefore, DST results may not correspond well with the clinical outcomes, as isolates
characterized as susceptible may or may not respond to treatment (28). The issue of
correlating DST results with clinical outcomes becomes more complicated when
accounting for the fact that CCs utilized by DST methods do not necessarily relate to
drug concentrations in vivo, and that treatment consists of combination therapy, leading
to a possible disconnect between singular in vitro DST results and combined in vivo

clinical outcomes (28).

Rifampin & Rifabutin

RMP is the most effective first-line drug and a key determinant of treatment
success (6). Acting as a bactericidal agent, RMP binds to the B-subunit of RNA
polymerase and disrupts RNA synthesis within MTB cells (49). Overall, RMP DST is
considered the most reliable among all antituberculosis drugs, with typically high
concordance and reproducibility observed between and within laboratories across
multiple methods (29, 30, 43, 45, 46). The majority of RMP-resistant strains, up to 96%,
have a mutation within the rifampin resistance-determining region (RRDR) of rpoB (50).
Mutations in this region are typically associated with high-level resistance, but certain
mutations have been found to confer clinically significant, low-level resistance and are
highly associated with discordant results (6, 27, 28). While this failure to detect low-level
resistance has been observed across multiple phenotypic methods, the discordance has
been particularly evident in systems utilizing liquid culture, such as MGIT (21, 35, 37).
One study noted the mutations missed by MGIT were observed to typically fall at the end

or outside of the rpoB core region, at positions 511, 533, and 572 (37). It has been
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hypothesized that these mutations likely hinder the fitness of the isolate to the point that
growth may be undetected under certain circumstances (37).

Rifabutin (RBT) is another rifamycin, belonging to the same group of antibiotics
as RMP, and is of particular importance in treating TB in HIV-infected individuals due to
fewer associated drug-drug interactions (49, 51). Since both drugs target the same
mechanism, mutations in the rpoB locus can also confer resistance to RBT (49).
Therefore, cross-resistance of RBT and RMP is common, and correlated MIC values
have been reported within strains (21, 49, 52). However, not all rpoB mutations confer
resistance to both drugs, as some RMP resistant strains are not resistant to RBT (52).
Discordance has been previously observed among RBT DST results, with one study
reporting susceptible MGIT results that were clinically resistant (21, 44). Some of this
discordance may be explained by the recommended Middlebrook 7H10 CC for RBT (0.5

ug/ml) being higher than the ECOFF, leading to missed resistance (34).

Isoniazid

INH is a pro-drug and another bactericidal agent that plays an important role in
both TB treatment and preventive therapy for latent TB infection (35, 49). The catalase-
peroxidase enzyme, KatG, activates INH which then targets multiple mechanisms,
mainly the InhA enzyme, which in turn inhibits the synthesis of mycolic acid, an
important component of the MTB cell wall (49). Therefore, mutations in the katG gene,
which encodes the activating enzyme, typically confer high levels of resistance, as they
affect the pro-drug conversion, and mutations within the inhA gene are typically

associated with low-level resistance (28). When these loci are considered together,
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molecular detection of resistance improves greatly compared to when considered
separately, although there are likely other loci that contribute to INH resistance in the
MTB genome (27).

Utilizing phenotypic methods, INH can be tested at two different CCs,
corresponding to low-level and high-level resistance. A comparison of DST methods
across multiple proficient laboratories reported more errors associated with low-level
INH resistance, varying by method, and several studies have reported lower levels of
agreement associated with the MGIT method in particular (35, 38, 40). However, other
studies have shown overall high levels of agreement and reproducibility for INH at both
concentrations of interest, implying there is good discrimination between resistant and

susceptible phenotypes (29, 43, 45, 46).

Ethambutol

EMB is a bacteriostatic first-line drug that inhibits MTB cell wall arabinogalactan
synthesis (49). Mutations at the embB locus are usually associated with low- or moderate-
level EMB resistance, although this locus does not account for all EMB resistance
conferring mutations in the MTB genome (28, 40). Low agreement and high variability
of EMB DST results has been reported frequently across multiple laboratories and
methods, particularly for MGIT which commonly fails to detect EMB resistance (35, 36,
38, 40, 43, 45, 46). One reason for this observed discordance is the presence of resistance
conferring embB mutations that are associated with MIC values only slightly higher than
the CC, causing susceptible phenotypic characterization when resistance is present (27).

Additionally, the recommended CC for EMB splits the upper limit of the WT MIC
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distribution, causing poor discrimination between resistant and susceptible phenotypes,

which can further explain the common discordance (34, 48).

Pyrazinamide

PZA is a pro-drug activated by the pyrazinamidase/nicotinamidase enzyme and
targets multiple cellular mechanisms (49). The inclusion of PZA in the first-line
treatment regimen played an important role in shortening the treatment length to the six-
month short course therapy currently used by killing persistent strains of MTB not
targeted by other drugs (53). The activating enzyme is encoded by the pncA gene, in
which mutations are typically associated with PZA resistance; however, the large
diversity of mutations within this locus makes molecular PZA DST challenging (27, 28).
Additionally, in order to optimally perform testing, PZA requires acidic conditions that
are not conducive with MTB growth, making many growth-based methods unreliable
with regards to determining PZA susceptibility (53). For this reason, broth-based
methods that allow for an acidic environment and MTB growth are recommended for
PZA susceptibility testing (25, 35). Due to the limited number of methods capable of
reliably performing PZA DST, data regarding concordance is limited, but overall good

agreement has been reported across proficient laboratories (35).

Fluoroquinolones
FQs are a class of antibiotics that inhibit DNA synthesis within MTB cells and
include ofloxacin (OFL), moxifloxacin (MFX), ciprofloxacin (CIP), and levofloxacin

(LEV) (49). These drugs are important when resistance to first-line drugs is detected and
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are typically preferred for treatment of MDR-TB over other second-line agents (16).
Mutations in the gyrA gene, which encodes subunit A of DNA gyrase, confer FQ
resistance by preventing the drug from binding to its target. Mutations in the gyrB gene,
encoding DNA gyrase subunit B, have also been shown to confer resistance, though not
to the extent of gyrA (49). Mutations in gyrA are typically associated with low- to
moderate-levels of FQ resistance, but some mutations, such as those at codons 94, 90,
and 88, have been associated with high levels of resistance (28, 49, 54).

Cross-resistance is common among FQs, and correlated MIC values have been
reported within strains (21, 55). However, some studies have shown that certain
mutations in gyrA confer clinically significant resistance to OFL but not MFX, especially
at the higher MFX CC of 2 pg/ml, indicating that certain doses of MFX may remain
effective for treatment in some cases, even when there is resistance to other FQs (28, 55).
This has led to the recommendation of reflex testing for MFX DST, meaning isolates that
are resistant at the lower MFX CC will be subsequently tested for resistance at the higher
CC in order to better determine the level of resistance present (55). Overall, high
agreement has been reported regarding FQ DST, with some variability across method and
drug, though fewer studies have evaluated these second-line drugs to the extent of first-

line drugs (45, 46).

Second-Line Injectables
SLlIs belong to a class of second-line drugs that inhibit protein synthesis and
include the aminoglycosides amikacin (AMK) and kanamycin (KAN), as well as the

cyclic peptide capreomycin (CAP) (49, 56). Mutations in the rrs gene, which encodes
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16S rRNA, are associated with resistance in all three drugs, causing high levels of cross
resistance among SLlIs (27, 49). Additionally, mutations in the promoter region of the eis
gene, encoding aminoglycoside acetyltransferase, have been shown to confer mostly low-
level resistance for KAN (27, 49). For CAP, tlyA mutations have also been shown to
confer low-level resistance, although these mutations are not as common as those at the
other loci (27, 28).

Both rrs and eis have been shown to reliably detect resistance regarding AMK
and KAN, although there is some evidence of low-level resistance in WT strains that may
cause discordance (27). Missed CAP resistance may occur utilizing APM due to the
Clinical and Laboratory Standards Institute (CLSI) recommended 7H10 CC of 10 ug/ml,
which is higher than the ECOFF for CAP (34, 35). Certain rrs mutations that confer CAP
resistance are associated with MIC values close to this concentration, which has led to
discordance among APM results (27, 56). Notably, the WHO recommends a lower 7H10
CC for CAP of 4 ng/ml, which is expected to be closer to the ECOFF value associated

with the WT MIC distribution (57).

Streptomycin

Streptomycin (STR) is an aminoglycoside, like AMK and KAN, that inhibits
protein synthesis. Mutations found in the rrs gene and the rpsL gene, which encodes the
S12 ribosomal protein, are thought to confer moderate drug resistance, but there are
likely other loci responsible for STR resistance elsewhere in the MTB genome (28, 40,

49). Across multiple studies evaluating STR DST, performance has varied, with high
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levels of discordance reported across multiple proficient laboratories as well as across

multiple methodologies within a single laboratory (36, 43, 46).

Ethionamide

Ethionamide (ETO) is a second-line pro-drug that inhibits mycolic acid synthesis.
Activated by EtaA/EthA, mutations in the genes responsible for these mono-oxygenases
confers ETO resistance. Additionally, the same inhA locus that confers low-level INH
resistance also confers low or moderate ETO resistance (28, 49). Overall, few evaluations
of ETO DST reliability have been performed, and performance has varied across studies,
many of which include the Sensititre™ method since ETO is one of the second-line drugs

included on the MIC plate (21, 26, 33, 41, 42, 44, 45).

Para-aminosalicylic acid

Para-aminosalicylic acid (PAS) is a bacteriostatic agent that inhibits folic acid and
thymine nucleotide metabolism in MTB cells (49). The mechanisms of PAS resistance
are not well understood, and there is little data evaluating PAS DST concordance across
laboratories and methods (49). Performance of PAS DST varies across studies, with
evaluations reporting low agreement and high agreement regarding the same methods

(21, 26, 43-45).

Despite these findings, the understanding of discordant DST results is limited,
especially concerning agreement across multiple phenotypic DST methods, second-line

drugs, and genotypic mechanisms. Typically, evaluations of DST agreement concern
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only two methods, including the proportion method as a reference (43). However, the use
of APM as a reference may be flawed, in that APM results are not guaranteed to be
accurate and are not guaranteed to correlate with clinical outcomes (35-37). The use of
molecular methods to confirm or contradict susceptibility results could be useful in
evaluating phenotypic DST methods by accounting for possible errors in the growth-
based reference results (5, 21, 27). Additionally, data regarding second-line DST is
limited. Not only have fewer studies assessed second-line performance, but studies that
include second-line DST may lack a variety of second-line resistance phenotypes to
meaningfully evaluate performance (25, 43, 46). The inclusion of a variety of resistant
isolates with various resistance patterns, including rare mutations, is important in first-
and second-line DST evaluation, because certain patterns of discordance may not be
evident using a representative population of TB strains (43).

These patterns of discordance, as well as their causes, are important to identify for
a full understanding of the limitations of DST methods moving forward. Further research
is required in these areas to better evaluate the true performance of current methods, as
well as accurately assess new methods. Reliable DST results are essential in the detection
and eradication of DR-TB; therefore, steps to improve DST performance are necessary

for effective TB control and elimination programs.
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CHAPTER I1: MANUSCRIPT

INTRODUCTION

TB remains a major public health concern as one of the leading causes of death
worldwide. Although global cases have been in decline, the emergence of drug resistance
jeopardizes progress made by TB control and elimination programs and threatens to
become a greater issue as resistant strains become a larger proportion of TB cases in the
future (1, 4). While any degree of drug resistance increases the likelihood of poor
treatment outcomes compared to DS-TB, there are two definitions of particular clinical
significance regarding DR-TB (5). MDR-TB refers to TB that is resistant to at least the
two most effective first-line drugs, RMP and INH, and XDR-TB refers to MDR-TB that
has additional resistance to at least one FQ and at least one SLI (1). MDR-TB and XDR-
TB are not only associated with higher morbidity and mortality, but also require a lengthy
treatment regimen utilizing expensive second-line drugs with higher toxicity, lower
efficacy, and more adverse side-effects, and are significantly costlier to treat than drug
susceptible TB (1, 7-10, 13, 14, 18).

DST is essential in helping clinicians determine optimal drug regimens for
patients, in turn preventing transmission of disease and acquisition of additional
resistance, as well as accurately assessing the burden of drug-resistant strains in a
population (12, 24, 25). DST can be conducted utilizing phenotypic or molecular
methods. Molecular DST methods typically involve the detection of mutations associated
with the resistant phenotype at specific loci in the MTB genome (25, 27). Despite the
potential for shorter TATs and accurate results, insufficient coverage of the MTB genome

by some currently available assays, lack of knowledge concerning resistance conferring
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loci and mutations, and the lack of an easily deployable point of care test prevent most
programs from relying solely on these methods (25, 27, 29, 30).

Most phenotypic DST methods determine susceptibility by observing growth of
MTB isolates in the presence of a CC of drug (25, 28). APM is considered the gold
standard method and involves inoculating solid agar containing a CC of drug with MTB
and comparing the proportion of growth seen on the drug-containing agar to the growth
seen on an inoculated drug-free agar. While this method is typically thought to produce
results that correlate well with clinical outcomes, TATSs associated with APM are long,
usually 1-2 months from time of identification (25, 29). Automated broth systems, such
as MGIT, allow for shorter TATS, but are not FDA approved to evaluate most second-
line drugs (25, 29, 33). Sensititre allows the simultaneous testing of 12 first- and second-
line antituberculosis drugs included on the plate, determining the MIC values associated
with each (41). Additionally, this quantitative result could potentially better inform
clinicians of the degree of resistance associated with a particular strain (41-43).
However, this methodology is not yet FDA approved, and standardized MIC breakpoints
have not been established for this method, making it difficult to determine whether a
given isolate should be reported as resistant or susceptible (41, 42, 45).

These phenotypic methods have proven difficult to standardize, and previous
studies have shown that discordance between DST results can occur between and within
laboratories as well as methods (21, 26, 35-37, 41, 43-46). Discordant results not only
cause confusion for a clinician, but can delay proper treatment in individuals, increasing
the likelihood of transmission, additional resistance, and treatment failure (7, 23, 37, 47).

Some have speculated differences between laboratory DST implementation could
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influence discrepancies seen between sites; however, others have noted that the
distribution of errors across proficient laboratories indicate an overall high-level of
agreement, with discordance typically pertaining to certain combinations of
methodology, drug, and strain (29, 35, 45). Certain drugs are thought to have higher rates
of discordance due to their established CCs failing to accurately discriminate between the
MIC distributions of WT and resistant strains (48). This would lead to oscillation
between resistant and susceptible results and poor reproducibility, even within a
laboratory (26, 45). Additionally, qualitative DST results fail to capture the heterogeneity
of resistance phenotypes, with low-level but still clinically relevant resistance difficult to
detect by growth-based methods (6, 28, 36, 37). Despite these findings, the understanding
of discordant DST results is limited, especially concerning agreement across multiple
phenotypic DST methods, second-line drugs, and genotypic mechanisms.

This study aimed to investigate discordance and evaluate agreement within and
between laboratories based on method, drug, concentration, and genotype. This was done
by conducting a multisite expanded Model Performance and Evaluation Program (MPEP)
study in which 30 MTB isolates, including 8 sets of duplicates, previously characterized
by CDC DST methods were sent to 12 public health and clinical laboratories where

phenotypic DST was performed by three methods: APM, MGIT, and Sensititre.

MATERIALS AND METHODS
Site Selection
This multisite evaluation was funded by the CDC through a cooperative

agreement (U60HMO000803) with the Association of Public Health Laboratories (APHL).
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This one-time funding opportunity was available to up to 12 public health or clinical
laboratories to evaluate first- and second-line DST methods for MTB. Laboratories could
submit applications to perform at least one, but had the option to apply for up to three, of
the following methods as part of the evaluation, MGIT 960 Mycobacterial Detection
System (MGIT™, Becton Dickinson), TREK Sensititre MYCOTB MIC (Sensititre™,
Thermo Fisher Scientific) and indirect agar proportion (APM). Eligibility criteria
included that awardees must be an APHL member state or local public health laboratory
or a clinical laboratory that is currently enrolled in CDC’s MPEP for DST of MTB (58);
must be willing to sign a biosafety compliance letter; must be willing to accept drug
resistant isolates of MTB; must have established first and second-line DST methods to
detect drug resistance in MTB for at least one of the methods included in the evaluation;
must provide DST results for at least RMP, INH, EMB, PZA, at least 1 FQ (e.g., OFL,
CIP, MFX, or LEV), and at least 2 SLIs (e.g., CAP, AMK, or KAN).

Eleven applications were received for MGIT, eight for APM, and six for
Sensititre. A team of subject matter experts from CDC/Division of Tuberculosis
Elimination (DTBE) and a panel of APHL members selected from non-applicant public
health laboratories reviewed applications. Proposals were evaluated and scored based on
responses to four questions provided in the application; these were related to laboratory
experience with the test methods (length of time performing method and test volume) and
number of second-line drugs included in their testing panel. Applications were compared
to each other by method. If applicants applied to participate for more than one method,
their applications were evaluated separately, by method. The four highest scoring

proposals were selected as the awardees for MGIT and APM. All six applicants
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submitting proposals for the Sensititre evaluation were selected. Including all methods,
the sites selected represented 11 unique laboratories (8 public health and 3 clinical
laboratories); three of which were awarded for two methods. In addition, CDC DTBE
Laboratory Branch (LB) participated in the evaluation for all methods. The project period

was Dec 1, 2013 — June 30, 2014.

Strain Selection

Thirty strains of MTB, including eight sets of duplicates, were used in this study.
All were selected from a culture collection maintained by the LB at the CDC. To
effectively evaluate multiple DST methods for concordance, strain selection was biased
to include a wide variety of drug resistance patterns to both first and second-line
antituberculosis drugs as well as strains known to demonstrate low-level resistance and
potentially have variable results among the methods (e.g., isolates with disputed rpoB
mutations) (59, 60). In addition, one pan-susceptible strain, H37Rv, was included in the
panel. Each strain had been previously well characterized both phenotypically and
genotypically at CDC. APM was used to determine susceptibility results for all drugs
except for PZA, for which MGIT was used. These phenotypic results were considered
the expected results for this evaluation. Molecular detection of drug resistance (MDDR)
was performed by sequencing targeted loci associated with resistance: rpoB (RMP), inhA
and katG (INH), embB (EMB), pncA (PZA), gyrA (FQs), and rrs, eis, and tlyA (SLIs) (27,
61). To determine composite results for additional comparisons, isolates were considered

resistant to a particular drug if a mutation associated with resistance was present,
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regardless of phenotypic results. Mutations were considered to be resistance conferring

based on previous literature (60).

Strain Preparation

The 22 strains selected for the panel were each cultured in 5 ml 7H9 broth by
inoculating approximately 100 pl of well-mixed, thawed freezer stock of the isolate and
incubating at 37°C until turbid. Once turbid, 100 pl was used to inoculate LJ slants.
Eight of the 22 strains were inoculated in duplicate for a total panel of 30 isolates per site.
Duplicates were chosen at random. LJs were incubated at 37°C for at least 3 weeks until
confluent growth was observed. Panels of LJ slants were then packaged and shipped to

participating laboratories.

Laboratory Methods

Awardees were required to submit their laboratory specific DST protocols to
CDC and APHL. For this study, no attempts were made to standardize methodologies,
drug panels, or drug concentrations across sites. Antituberculosis drugs and
concentration(s) tested by each site for APM and MGIT are included in Table 2a-b. For
Sensititre, the standard MYCOTB MIC plate was used with no variations to the drug
concentrations. For APM, the majority of drugs were tested using CLSI or WHO
recommended CCs (25, 62). Variations in media and drug concentrations across sites are
indicated in Table 2a. For MGIT, first-line drugs were tested according to the package
insert, while second-line drugs were tested using concentrations validated within each

laboratory (Table 2b). For Sensititre, all sites tested according to the package insert to
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determine the MIC for each drug. Site A performed APM, site B performed all three
methods, sites C and E performed APM and MGIT, site D performed APM and

Sensititre, sites F and G performed MGIT, sites H — L performed Sensititre.

Data Collection

Following receipt of the isolates, laboratories had 6 months to complete the
evaluation with data due to CDC and APHL June 30, 2014. Data collection instruments
were designed for each method and provided to sites. Data collection forms were site-
specific, in that they only included fields for the first and second-line drugs in their
routine panels. Additional fields were included on the data collection forms to capture
turnaround times and any comments related to any issues with the testing such as
problems with specific drugs or isolates, repeats, or inoculum issues. The data collection
form for Sensititre was specifically designed for awardees to indicate growth or no
growth in each well and to indicate the reported MIC. Data was returned to CDC and
entered into Excel spreadsheets. Double data entry was performed and site-specific data
was provided back to sites for confirmation. Discrepancies were reconciled with
reporting sites, and in some cases, missing information was added during data cleaning if

discrepancies were not resolved.

Data Analysis
The collected data were imported into datasets for analysis utilizing SAS® 9.4
(SAS Institute Inc., Cary, NC). Results were considered missing if a site reported

insufficient growth, contamination, or a corresponding quantitative results that was
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discordant with the qualitative result (i.e. percent resistance, MGIT growth units).
Cycloserine (CYC) results were excluded from analysis due to the lack of a
recommended CC and previously noted low reliability of DST results (25). “Borderline
resistant” results were considered resistant for the purposes of these analyses due to the
corresponding quantitative results indicating resistance by CLSI standards (25). To
determine Sensititre susceptibility results, MIC breakpoints were established for each
drug based on the dilution of drug included on the MIC plate that was closest to the
recommended Middlebrook 7H10 APM CC (25, 62). Additional breakpoints were
established based on the concentration utilized by CDC DST to determine the expected,
growth-based results if they differed from the recommended concentrations (Table 2c).
Results were considered susceptible if the reported MIC was less than or equal to the
established breakpoint and resistant if the reported MIC was greater than the established
breakpoint.

Site-specific agreement with previous characterization was assessed utilizing
SAS. Sensitivities, specificities, and Cohen’s Kappa estimates, as well as their 95%
confidence intervals were calculated using the expected results as a reference. These
estimates were also calculated using the composite results as a reference for additional
comparison. Both categorical and conditional agreement was considered for Sensititre.
Categorical agreement was defined as both Sensititre and the reference result
categorizing an isolate as susceptible, or both categorizing an isolate as resistant for a
given drug. Conditional agreement allowed for concordance when the reported MIC was
within one doubling dilution of a given MIC breakpoint, as previously described (45).

For an isolate with a susceptible reference result, there was conditional agreement if the
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MIC was less than or equal to the established MIC breakpoint plus one doubling dilution.
For an isolate with a resistant reference result, there was conditional agreement if the
MIC was greater than or equal to the established MIC breakpoint. An interpretation of
Cohen’s kappa values suggested by McHugh was used to determine whether estimates
indicated an acceptable level of agreement: 0-0.20 no agreement, 0.21-0.39 minimal
agreement, 0.40-0.59 weak agreement, 0.60-0.79 moderate agreement, 0.80-0.90 strong
agreement, >0.90 almost perfect agreement (63).

Interlaboratory concordance was assessed using R software (R Development Core
Team, 2010). For each of the three methods, a Fleiss kappa estimate for multiple raters
was used to determine agreement between laboratories for a particular drug (64). To
calculate Fleiss kappa estimates and corresponding 95% confidence intervals, an R
function was used which allowed for the inclusion of subjects with missing raters. At
least two laboratories for each drug were required for inclusion in the Fleiss kappa
estimates (65,66). Comparable to the Cohen’s kappa, the Fleiss kappa reports the
likelihood of observing a certain level of agreement across multiple reporting sites, given
the likelihood of agreement by chance. The interpretation of the Fleiss kappa is as
follows: <0 poor agreement, 0-0.20 slight agreement, 0.21-0.40 fair agreement, 0.41-0.60
moderate agreement, 0.61-0.80 substantial agreement, 0.81-1.0 almost perfect agreement
(67). This interpretation differs from that of the Cohen’s kappa due to the lower expected
agreement involving a larger number of raters. While any kappa value greater than zero
indicates agreement better than the expected agreement by chance, a value of 0.60 was

selected as a cutoff for acceptable interlaboratory concordance.
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Site-specific duplicate agreement was also assessed for each method, though due
to a small sample size, only descriptive analyses were performed using SAS.

The Emory Institutional Review Board determined this study to be exempt from
IRB review. This study was also determined to not be human subjects research by the
U.S. CDC, National Center for HIV/AIDS, Viral Hepatitis, STD, and TB Prevention, as

defined by 45 CFR 46.

RESULTS

Twelve laboratories were competitively selected to participate in this study.
Across all sites and methods, DST was performed for 16 different first- and second-line
drugs by at least one site, though not all laboratories performing the same method tested
the same drugs. The same panel of 30 MTB isolates, including 8 sets of duplicates, was
distributed to each participating laboratory, although the number of isolates tested for a
given drug and concentration varied across method, drug, and laboratory. The panel
consisted of isolates were specifically selected due to different drug resistance profiles as
determined by both growth-based and molecular methods. Some of the isolates had
mutations known to exhibit variability with some DST methods (e.g., rpoB Leu511Pro,
embB Met3061le) while others were reported as highly associated with resistance (e.g.,

rpoB Ser531Leu, gyrA Ala90Val).

Expected and Composite Results
Table 1a describes the expected, growth-based results from APM for 22 unique

isolates and eight duplicates. Results were available for 12 first- and second-line
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antituberculosis drugs, including a low and high INH concentration, and MDDR results
were available for 9 loci associated with resistance, described in Table 1b. In constructing
the composite results, 12 results reported as susceptible by growth-based methods were
considered resistant due to the presence of a resistance conferring mutation. Four results,
including three sets of duplicates, were modified for RMP due to mutations found in
rpoB (Asp516Tyr; Leu571Leu/ lle572Phe; Ser531Cys; Leu511Pro). Reports in the
literature indicate these rpoB mutations are clinically significant (6, 37, 59, 60, 68). The
same three sets of duplicates were also determined to be resistant to RBT, in addition to
three other isolates with Ser531Leu rpoB mutations. EMB, PZA, and CAP each had one
susceptible phenotypic result changed due to a Met3061le embB mutation, a Tyr103Cys
pncA mutation, and a A1401G rrs mutation, respectively. Each of these three results
corresponded to a duplicate pair. Analyses were conducted for both expected and

composite results for comparison.

Indirect Agar Proportion
Participants.

Five laboratories performed DST by APM, all of which tested the first-line drugs,
as well as the second-line drugs ETO, CAP, KAN, OFL, and STR. Additional second-
line drugs were tested by at least two sites (Table 2a). All but two laboratories performed
APM DST on the entire panel of 30 isolates across all drugs tested. For Site D, three
isolates failed to grow, resulting in a sample size of 27 for all APM DST. Site A reported
seven indeterminate results, six for ETO susceptibility testing and one for OFL

susceptibility testing. This site also reported six isolates as having “borderline
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resistance,” which were considered resistant for the purpose of these analyses due to the
corresponding percent resistant values being greater than 1% of growth on no-drug
controls.

For the purposes of assessing agreement across sites by drug, the two
concentrations of INH (0.2 and 1 pg/ml) and STR (2 and 10 pg/ml) were each evaluated
separately. Otherwise, susceptibility results for each drug were combined across sites,

regardless of concentrations utilized.

Site vs. Expected Agreement.

Figure 1 shows the site-specific Cohen’s kappa estimates for agreement between
the APM and the expected reference results by drug. Agreement to the expected result
was highest for AMK, for which all sites reported perfect agreement (1.00 [95% CI: 1.00,
1.00]), and KAN, for which all sites reported perfect or strong agreement (range: 0.90
[95% CI: 0.71, 1.00], 1.00 [95% CI: 1.00, 1.00]). Additionally, all sites reported kappa
estimates > 0.80 for RMP, INH (0.2 pg/ml), and RBT, indicating strong agreement.

Cohen’s kappa estimates > 0.60 across all sites indicated moderate agreement to
the expected result for all drugs, except EMB, STR (2 pg/ml), ETO, and PAS.
Additionally, the high variability and wide confidence intervals associated with CAP
estimates suggests a high level of uncertainty pertaining to the quality of agreement
observed. Agreement with the expected result was lowest for the drugs PAS (range: 0.20
[95% CI: -0.14, 55], 0.90 [95% CI: 0.71, 1.00] and ETO (range: 0.16 [95% ClI: -0.02,
0.33], 0.78 [95% CI: 0.55, 1.00]), for which at least one site had a corresponding kappa

estimate that was not statistically significant, indicating the agreement observed was no
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better than the agreement expected by chance. These second-line drugs as well as EMB
were the only drugs with at least one kappa estimate <0.40, indicating minimal
agreement, and had the largest range of kappa estimates across reporting sites.

For the majority of drugs, lower sensitivity was observed compared to higher
specificity, which was >80% for all drugs except STR (2 pug/ml). Perfect sensitivity was
observed for RMP, RBT, AMK, and STR (2 pg/ml), meaning the imperfect agreement
with the expected result observed for RMP, RBT, and STR (2 pg/ml) was solely driven
by false-resistant results. The lowest estimates of sensitivity were observed for the drugs
with the lowest agreement and largest variation between sites (EMB, ETO, CAP, and

PAS) (Table 3a).

Interlaboratory Agreement.

The Fleiss kappa statistic for multiple raters was calculated for all 14 drugs tested
by APM, since all drugs were tested by at least two sites. Figure 4 shows the estimated
measures of interlaboratory concordance by drug for APM DST. Overall, agreement was
good for most drugs, with statistically significant concordance measured for all drugs
except PAS, for which the corresponding confidence interval contained the null value of
zero. Agreement between sites was highest for AMK (1.00 [95% CI: 1.00, 1.00]), KAN
(0.96 [0.89, 1.00]), RBT (0.96 [0.86, 1.00]), and INH (0.2 pg/ml) (0.93 [0.84, 1.00]). All
first-line drugs, except EMB had high Fleiss kappa estimates >0.80, indicating almost
perfect agreement.

Agreement between sites was lowest for EMB (0.47 [0.27, 0.67]), ETO (0.47

[0.28, 0.65]), and PAS (0.14 [-0.09, 0.36]). Additionally, the second-line drugs STR (10
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pg/ml), CAP, MFX, and LEV had estimates >0.60, indicating substantial agreement, but
low precision. Due to this high level of uncertainty associated with the magnitude of
agreement, it could not be concluded with confidence that these drugs had acceptable

levels of interlaboratory agreement.

BACTEC MGIT 960
Participants.

Five laboratories performed DST utilizing MGIT, and 13 first- and second-line
drugs were tested by at least one site. All reporting laboratories tested the four first-line
drugs (RMP, INH, EMB, and PZA) and all but one laboratory tested STR. Table 2b
summarizes the number of isolates tested by each site for each drug. At site G, an isolate
had inconsistent reported growth units and susceptibility result for ETO DST, so it was
dropped from analysis. Site C reported a “borderline” result for PZA DST, which was
considered a resistant result for the purpose of the analyses because the reported MGIT
growth units were > 100.

All laboratories utilized MGIT broth and followed the CC as defined in the
package insert for RMP, INH, EMB, and PZA as well as the CLSI recommended CC for
ETO (25). Drug concentrations used for the remaining second-line drugs varied
depending on site (Table 2b). Site F determined susceptibility for MFX at a higher
concentration using reflex testing when resistance was detected at a lower MFX
concentration. These differences in testing algorithms resulted in 25 isolates tested at the
CLSI recommended CC of 0.25 pg/ml and five isolates tested at a higher concentration of

0.5 pg/ml.
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For the purposes of assessing site-specific agreement and interlaboratory
concordance, the two concentrations of INH (0.1 and 0.4 pg/ml) were evaluated
separately; otherwise, susceptibility results for each drug were combined across sites,

regardless of concentrations utilized.

Site vs. Expected Agreement.

Figure 2 shows the site-specific Cohen’s kappa estimates for agreement between
MGIT susceptibility results and the expected reference results shown by drug. Agreement
to the expected result was highest for RMP, AMK, and KAN, for which all sites reported
perfect agreement, though only one laboratory conducted MGIT DST for KAN.
Additionally, agreement to the expected result was strong for STR (range: 0.86 [95% CI:
0.69, 1.00], 0.93 [95% CI: 0.80, 1.00]) and ETO (range: 0.93 [95% CI: 0.80, 1.00], 0.93
[95% CI: 0.78, 1.00]). Cohen’s kappa estimates >0.60 for all reporting sites indicated
moderate agreement for all drugs except EMB (range: 0.14 [95% CI: -0.02, -.29], 0.39
[95% CI: 0.15, 0.63]) and CAP (range: 0.44 [95% CI: 0.04, 0.85], 0.89 [95% ClI: 0.67,
1.00]). EMB had one site-specific kappa estimate that was not statistically significant,
indicating agreement no better than chance, and all kappa estimates were <0.40 indicating
weak agreement across sites.

Sensitivity was lowest for EMB and CAP and contributed to imperfect agreement
for all drugs except RMP, AMK, and KAN. Specificity was perfect for all drugs except

INH (0.4 pg/ml), EMB, PZA, STR, and CAP (Table 3b).
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Interlaboratory Agreement.

The Fleiss kappa statistic for multiple raters was calculated for 10 drugs tested by
MGIT, since these drugs were tested by two or more sites. Figure 4 shows the estimated
measures of interlaboratory concordance by drug for MGIT DST. Agreement between
sites was highest for RMP and AMK, which both had perfect agreement (1.00 [95% CI:
1.00, 1.00]), while agreement between sites was lowest for EMB (0.56 [95% CI: 0.33,
0.80]) and MFX (0.56 [95% CI: 0.19, 0.92]). The drugs EMB and MFX, with the
addition of CAP (0.73 [95% CI: 0.49, 0.97]), had the lowest precision associated with
their estimates and contained the Fleiss kappa cutoff of 0.60 within their 95% confidence
intervals.

All drugs were significantly concordant, although there was less precision
associated with the Fleiss kappa estimates, most likely due to fewer laboratories

performing DST, particularly for second-line drugs.

Sensititre MIC Plate
Participants.

Seven laboratories reported MIC values corresponding to the 12 first- and second-
line drugs included on the Sensititre MYCOTB MIC plate. CYC results were excluded
from analysis due to the lack of a recommended CC and known challenges associated
with CYC DST (25). After exclusion, 11 drugs remained for analysis. Two isolates failed
to grow at Site D, resulting in a reduced panel of 28 isolates; otherwise, the remaining six

sites performed Sensititre DST on the full panel of 30 isolates.
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Sensititre susceptibility results were determined using the MIC value closest to
the Middlebrook 7H10 CLSI recommended CC. Additional breakpoints were selected for
RBT and ETO that were equivalent to APM concentration used to determine expected,
growth-based results (2 pug/ml and 10 pg/ml, respectively), and for MFX that was
equivalent to the higher WHO recommended CC (2 pg/ml) (62). Table 2c summarizes
the breakpoints used for each drug. Inoculum for all isolates were made from growth on

solid media (Middlebrook 7H10, 7H11, or LJ media).

Site vs. Expected Agreement.

Corresponding expected results were available for 10 drugs included on the
Sensititre MYCOTB MIC plate, as MFX was the only drug included on the MIC plate
that lacked a corresponding expected result. Figure 3a shows the site-specific Cohen’s
kappa estimates for categorical agreement (i.e., resistant or susceptible) between
Sensititre susceptibility results and the expected reference results by drug.

Categorical agreement to the expected result was highest for AMK and KAN, for
which all sites had perfect agreement. RMP, INH (0.25 and 1 pg/ml), STR, and OFL had
moderate or strong agreement with kappa estimates >0.60 for all reporting sites.
Categorical agreement to the expected result was lowest for EMB, ETO (5 and 10 pg/ml),
and PAS, for which all had at least one site with a corresponding kappa estimate <0.40,
indicating minimal agreement. PAS was the only drug to have a site-specific kappa
estimate that indicated no statistically significant agreement (0.20 [95% CI: -0.14, 0.55]).

Figure 3b shows the site-specific Cohen’s kappa estimates for conditional

agreement, which allows for agreement when a MIC is one doubling dilution from the
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established breakpoint, between Sensititre susceptibility results and the expected
reference results shown by drug. Conditional agreement improved concordance to the
expected result for the majority of sites for all drugs except AMK and KAN, which
already had perfect categorical agreement. All estimates of conditional agreement were
statistically significant.

Using conditional agreement, kappa estimates increased at all sites for all drugs
except, RMP, INH (0.25 pg/ml), RBT (0.5 pg/ml) and PAS, compared to categorical
results. Conditional agreement was at least moderate for all sites, with kappa estimates
>0.60, for all drugs except ETO (10 pg/ml) and PAS. Conditional kappa estimates were
>0.80, indicating strong agreement, at all sites for RMP, INH (0.25 and 1 pg/ml), STR,
and OFL. Conditional agreement greatly improved agreement between EMB and ETO
results and expected results. All sites reporting EMB and ETO (5ug/ml) results had
corresponding kappa estimates >0.60. Additionally, all but one site reporting results for
EMB had corresponding kappa estimates >0.80, indicating strong agreement compared to
weak and minimal categorical agreement.

Categorical sensitivity was highest for RMP, INH (0.25 pg/ml), RBT (0.5 pg/ml),
AMK, KAN, and OFL, for which all sensitivity estimates were >80%. Sensitivity was
lowest for the drugs with low categorical agreement, EMB, ETO (10 pg/ml), and PAS
(Table 3c). Conditional agreement increased sensitivity for at least one site for all drugs
except RMP, AMK and KAN, which already had perfect sensitivity. All drugs had
conditional sensitivity estimates >80% for all sites except EMB, ETO (5 and 10 pg/ml),

and PAS.
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Overall, specificity was high for all drugs, with estimates >80% for all sites,
except for RMP, RBT (0.5 ug/ml), and STR (Table 3c). Conditional agreement improved
specificity so that estimates for all sites and all drugs were >80%. RMP, INH (1 pg/ml),
STR, RBT (0.5 and 2 pg/ml), and PAS were the only drugs without perfect conditional

specificity.

Interlaboratory Agreement.

The Fleiss kappa statistic for multiple raters was calculated for all 11 drugs tested
by Sensititre, excluding CYC, since all seven participating laboratories tested each drug.
Figure 4 shows the estimated measures of categorical interlaboratory concordance by
drug for the Sensititre susceptibility results. All drugs were significantly concordant
between laboratories. Agreement between sites was highest for AMK and KAN, for
which all sites perfectly agreed on DST results. Agreement was almost perfect for RMP
(0.94 [95% CI: 0.87, 1.00]), INH (0.25 pg/ml) (0.95 [95% CI: 0.86, 1.00]), and OFL
(0.92 [95% CI: 0.83, 1.00]).

Agreement between sites was lowest for EMB, ETO (10 pg/ml), and PAS. PAS
was the only drug to have a Fleiss kappa estimate < 0.60, indicating less than substantial

agreement.

Composite Agreement
Compared to agreement with the expected, growth-based reference results,
agreement with the composite reference results was lower for the majority of reporting

sites regarding RMP, EMB, and RBT and higher for the majority of reporting sites
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regarding CAP and PZA. Cohen’s kappa estimates differed the most for RMP and RBT,
with all sites reporting lower agreement compared to the expected results across all
methods. The difference in agreement for RMP was greatest for MGIT with all sites
reporting a Cohen’s kappa estimate <0.50, compared to perfect agreement with the
expected, growth-based results. Estimates for CAP agreement improved the most among
the drugs with composite results, with higher agreement across all reporting sites for
MGIT and at 3 sites for APM compared to agreement with the expected result.

These differences in agreement seen between the two reference results were
primarily due to higher specificity and lower sensitivity associated with the composite
reference results. Therefore, the imperfect agreement to the composite result observed for

RMP, RBT, and CAP was driven solely by false-susceptible results.

Duplicate Agreement

Overall, duplicate agreement varied by method, site, and drug. All sites reported
at least one discordant duplicate pair across all methods, with the exception of Site F
which reported perfect duplicate agreement across all drugs tested for MGIT. When
discordance was reported, the majority of sites reported only one discordant pair of
isolates for a given drug. The only drugs to have multiple discordant pairs reported by a
site were EMB, PAS, ETO, and RBT (0.5). Across all methods, perfect duplicate
agreement was reported for AMK, KAN, LEV, and CIP across all reporting sites,
although only one site reported results for KAN, CIP, and LEV using MGIT DST.

For APM, site C reported the most discordance, reporting multiple discordant

duplicate pairs for EMB and ETO. The majority of sites testing EMB and PAS reported
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at least one discordant duplicate pair, and both sites testing MFX reported 1 discordant
duplicate. In addition to the aforementioned drugs with perfect agreement across all
methods, perfect duplicate agreement was reported across all sites for the drugs INH (0.2
pg/ml and 1 pg/ml), RBT, and STR (2 pg/ml).

For MGIT, additional perfect duplicate agreement was reported across all sites for
RMP and OFL. The most duplicate discordance was observed for INH (0.4 pg/ml), for
which four of the five sites reported a discordant pair.

For Sensititre, site L reported the most duplicate discordance, and was the only
site across all methods to report three discordant duplicate pairs for EMB, RBT (0.5
ug/ml), and PAS. Additional perfect duplicate agreement was reported for INH (0.25
ng/ml) and OFL across all sites. The majority of the seven sites reported at least one
discordant duplicate for the drugs EMB, STR, RBT (0.5 pg/ml), MFX (0.5 pg/ml), and

PAS.

DISCUSSION

In this study, the agreement of phenotypic DST results among sites varied by
drug, method, concentration, and genotype. Discordance was observed across all sites,
methods, and drugs, with the exception of AMK. Observed agreement to an expected,
growth-based result was typically lower than agreement described by previous studies,
but interlaboratory agreement was substantial for the majority of evaluated drugs.
Additionally, DST results regarding the pan-susceptible H37Rv strain were concordant

across all three methods, with all sites reporting the isolate (EM027) as susceptible. The



40

drugs with the lowest agreement typically had worse duplicate agreement, although
analysis was limited to descriptive methods due to inadequate duplicate sample size.
The analysis utilized multiple measures of concordance, allowing for a multi-
faceted evaluation of DST agreement among and between individual sites. Site-specific
agreement to an expected, growth-based reference was considered, as well as agreement
to a composed composite reference that combined phenotypic and genotypic DST
information for comparison purposes. The incorporation of molecular results potentially
allowed for a more accurate determination of resistance by accounting for mutations
associated with low-level resistance or that were otherwise challenging to detect by
growth-based methods. By comparing agreement with expected results to agreement with
composite results, the analysis was able to account for possible errors in the
determination of the reference and elucidate discrepancies between phenotypic and
molecular methods. Since the Sensititre MYCOTB MIC plate does not have standardized
MIC breakpoints to determine susceptibility, breakpoints were established for this study
following methods described by previous literature, where the concentration included on
the plate that was closest to the recommended APM CC was considered the breakpoint
(41). An additional breakpoint was considered for certain drugs if the concentration used
to determine the expected results differed from the recommended CC. Conditional
agreement was evaluated in addition to categorical agreement for MIC testing by
Sensititre to account for the recommended APM CC for EMB, which was not included
on the MIC plate, as well as to provide information of how close reported MIC values

were to the susceptibility breakpoint for a given drug. Interlaboratory agreement,
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measured by the Fleiss kappa statistic, allowed for the evaluation of agreement between
sites independent of previous characterization.

The observed differences in agreement to the expected, growth-based results for
some drugs, while differing from agreement reported by previous evaluations of TB DST,
was not completely unexpected in this study. The panel of isolates utilized in this study
was composed of strains that were intentionally selected to display a wide variety of both
first and second-line resistances with some isolates encoding mutations known to result in
variable DST results. For example, isolate EM026 contains an rpoB Leu511Pro mutation
which has been previously associated with resistant and susceptible growth-based DST
results but reported to have clinical significance in that patients maintained on rifampin-
based therapies can have poor outcomes (6, 37, 59, 60). By including isolates with
patterns of resistance that are likely to yield discordance, such as low-level resistance, the
study was able to highlight challenges and limitations associated with phenotypic DST
that may not have been apparent when considering a more representative sample of MTB
strains. Additionally, site-specific procedures and methodologies were not standardized
in order to best reflect conditions that would be present for a given site when reporting
DST results for patient care. Concentrations utilized for a specific drug may have differed
by site, but were combined for the purpose of these analyses. While this may have led to
additional discordance between sites, the disagreement found in this study is likely to
resemble disagreement that would be observed when reporting for patient care.

Similarly, differences in the methodology used to determine the expected results
may have led to lower site-specific agreement with the reference. For example, the CCs

used to determine expected ETO and RBT results (10 and 2 pg/ml, respectively) were
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higher than the CLSI recommended CC utilized by some participating sites (25). Due to
these differences in methodologies, lower site-specific agreement with sites that utilized
lower concentrations may have been observed.

Despite lower agreement, this study was able to validate results that highlight
patterns of discordance previously described, as well as provide new insight into
agreement across phenotypic methods regarding first- and second-line antituberculosis
drugs. Quantitative results, such as MIC values, as well as genotypic results, can be used
to help explain the observed discordance. Figure 5a and Figure 5b show the distribution
of MIC values for isolates determined to be discordant to the expected, growth-based

result for the relevant drugs with reported MIC values.

Rifampin and Rifabutin

Overall, RMP and RBT DST results had high agreement with the expected
results, as well as substantial interlaboratory concordance. However, these drugs had the
largest difference in agreement between expected and composite reference results across
all methods, indicating agreement was lower when considering disputed rpoB mutations
(59).

For RMP, the majority of observed discordance appeared to be caused by low-
level resistance, which is notoriously difficult to detect via some growth-based methods,
especially liquid culture systems (6, 28, 37). The disagreement with the expected results
was due solely to what would be characterized as false resistant results, although all
discordant isolates had reported MIC values that indicated possible low-level resistance

and reports in the literature indicate that isolates with the rpoB mutations included in this
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study (Asp516Tyr, Leu511Pro, Leu571Leu/lle572Phe, Ser531Cys) would be considered
as resistant (59, 60). To adjust for this resistance undetected by the growth-based
reference, these rpoB mutations were incorporated into composite reference results.
While all false-resistant results were considered concordant with the composite reference,
incorporation of these mutations increased the observed discordance, with sites failing to
detect low-level resistance across all three methods. This was partially due to changing
the reference result for additional isolates (EM028, EM014, EMO018) that did not
originally have false resistant results. Corresponding MIC values show all but two
discordant isolates had potentially borderline or low-level RMP resistance (Figure 5a).
The two isolates with MIC values well below the susceptibility breakpoint (<0.12) were
duplicates that contained a Ser531Cys mutation. While it is possible these isolates have
undetected low-level resistance by all sites and methods, the clinical significance for this
mutation has not be determined, and these findings support previous evidence that this
mutation may not be associated with RMP resistance (69).

High interlaboratory concordance independent of agreement with reference results
indicated that the majority of sites agreed for isolates considered resistant by the
composite results but were tested as susceptible. For MGIT, all isolates with disputed
mutations were considered susceptible across all sites, supporting previous literature
indicating challenges associated with automated systems detecting low-level resistance
(21, 35, 37). By incorporating these molecular results, performance of RMP DST
significantly changed, and the cause of DST discordance was found to be due to failure in
detecting low-level resistance, rather than false-resistant results. These results

demonstrate the importance of molecular methods and suggest they may be more
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accurate than phenotypic methods in detecting low-level but clinically significant
resistance.

For RBT, expected DST results were determined using a CC of 2 pg/ml, which
differs from the recommended Middlebrook 7H10 CC of 0.5 pg/ml, and may have
contributed to the observed discordance. For APM, all discordant results were due to sites
reporting resistant results for isolates with Ser531Leu rpoB mutations that were
determined susceptible by the expected, growth-based results, indicating the
concentration used to determine the expected result missed clinically significant RBT
resistance (69, 70). Both the recommended 7H10 CC, 0.5 pg/ml, and the CC used to
determine the expected results, 2 pg/ml, were considered as susceptibility breakpoints for
the Sensititre method. Isolates that were discordant at both concentrations had MIC
values, as determined by Sensititre, that indicated low-level or borderline resistance at the
lower concentration, had MIC values below the 0.5 pug/ml breakpoint, or had high
variability of reported MIC values, which were distributed across both breakpoints
(Figure 5b). After incorporating rpoB mutations expected to confer RBT resistance as
part of the composite result, isolates with Ser531Leu rpoB mutations were concordant at
the lower concentration across all sites and methods, but remained discordant at the
higher concentration of RBT, with MIC values equivalent to or greater than the 2 pg/ml
breakpoint, suggesting the higher RBT concentration may not reliably detect resistance in
these isolates due to the associated MIC values being close to the CC, which would cause
variability between resistant and susceptibility results as well as poor reproducibility.
Additional isolates with His526Tyr rpoB mutations that were expected to confer

resistance were discordant at the higher concentration as well, with the majority having at
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least one reported MIC at the breakpoint and the remaining MICs above the breakpoint,
potentially indicating a similar issue (69). The observed discordance associated with RBT
DST increased with the incorporation of rpoB mutations as part of the composite result
due to the incorporation of the mutations Asp516Tyr, Leu571Leu/lle572Phe, Ser531Cys,
which had corresponding MIC values clustered around the 0.5 pg/ml breakpoint or below
it. It is possible these mutations confer RMP resistance but not RBT resistance, as noted
in previous studies, or perhaps, similar to RMP, these mutations confer low-level
resistance that are not detected reliably via the phenotypic methods employed (69,70).
These results show the recommended Middlebrook 7H10 APM CC of 0.5 pg/ml
was associated with higher concordance and fewer discordant isolates, with the higher
concentration of 2 pg/ml failing to detect resistance at a higher rate. These results also
demonstrate that resistance can be missed using only growth-based methods for RBT
DST, especially when using the higher concentration, but molecular methods can be

employed in order to reliably detect resistance that may be missed otherwise.

Ethambutol

EMB had low agreement with the expected results as well as poor interlaboratory
concordance across all methods. EMB DST has been known to produce unreliable results
and is notoriously problematic with issues of false susceptibility in some methods (35,
36, 38, 40, 43, 45, 46). Previous studies have speculated that high rates of discordance are
due to the recommended APM CC splitting the upper end of the WT MIC distribution,
thus failing to accurately discriminate between WT and resistant strains (34, 48). The

findings in this study support this theory, as the majority of reported MIC values for
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discordant isolates are equivalent to or within one doubling dilution of the breakpoint (4
pg/ml) (Figure 5a). This caused conditional agreement to greatly improve agreement
estimates for Sensititre, which also may have accounted for isolates that were in
agreement but were not considered concordant due to the recommended APM CC not
being included on the MIC plate. Agreement with the expected result was highest for
sites utilizing APM, although this method also had the lowest interlaboratory agreement
for the drug implying high variability of results between sites. Additionally, these results
contribute to the body of evidence indicating poor reliability of EMB DST utilizing
MGIT due to a failure to detect resistance. Previous studies have suggested changing
EMB’s CC to overcome this limitation, and recommend using methods other than MGIT
for determining EMB susceptibility (40, 48). Our results support these recommendations
and further imply that EMB DST reliability is questionable for all methods, not just

MGIT.

Isoniazid

Discordance for the lower concentration of INH was due to false susceptible
results. All methods failed to detect low level INH resistance for one duplicate pair
(EMO012 and EMO017) with a C(-15) T inhA mutation. Other isolates with this mutation
were considered resistant by all sites across all methods, but the majority of reported
corresponding MIC values were below the susceptibility breakpoint of 0.25 pg/ml,
implying there may be another factor influencing discordance (Figure 5a). Additionally,
one site did not detect INH resistance at the low and high concentration for an isolate

with a Ser315Thr katG mutation using MGIT. The high reported MIC values as well as
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the presence of a mutation conferring a high level of resistance indicates possible site-
specific factors may have contributed to this disagreement. Notably, the higher
concentration of INH had lower interlaboratory concordance across all methods
compared to the lower concentration. Discordance at the high concentration was due to
both false susceptibility and false resistance, with the reported MICs typically falling on
the breakpoint or within one doubling dilution of the breakpoint. Conditional
concordance greatly improved agreement for INH for this reason. All isolates discordant
at the higher concentration contained either an inhA or katG mutation, with the majority
containing a C(-15)T inhA mutation. These inhA mutations, which are expected to confer
low-level INH resistance, may have contributed to discordance at the higher
concentration due to corresponding MIC values close to 1 pg/ml, leading to oscillation
between resistant and susceptible results across laboratories (28). This could also explain
the discordance observed between duplicates using the MGIT method. These results
conflict with previous studies that found DST results for the higher concentration of INH
to be more reliable than the lower concentration and demonstrate the possibility of

varying DST results at both concentrations (35).

Pyrazinamide

PZA was only tested by MGIT but had substantial interlaboratory concordance
and good agreement with the expected result, although estimates of agreement varied by
site. Interlaboratory concordance remained high due to a single site in disagreement for
the majority of discordant isolates. One duplicate pair was susceptible by growth-based

results, but had a Tyr103Cys pncA mutation expected to confer resistance (60).
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Susceptibility results for these isolates were evenly split between resistant and
susceptible, indicating potential borderline resistance or some other factor that led to
oscillation of susceptibility. False resistance has previously been reported for PZA DST
in liquid broth systems. After considering the isolates with Tyr103Cys pncA mutations as
resistant, two isolates with WT pncA had false-resistant results reported by at least one
site. This is likely due to the weaker PZA activity observed in vitro compared to in vivo,
allowing isolates that would be clinically susceptible to grow and therefore be reported as
resistant (71-73).

The high observed agreement in this assessment may have been due to a biased
sample of isolates, for which PZA-resistant isolates included in the panel consistently
tested as resistant, and, therefore, had lower variability in DST results. Overall, previous
data describing PZA DST agreement is limited due to the required acidic conditions for
optimal drug activity limiting the methods that can be performed, therefore, further
research using a more diverse sample of isolates expressing various levels of PZA

resistance may be necessary (35).

Second-Line Injectables

AMK and KAN had the highest agreement, with perfect or near perfect site-
specific and interlaboratory agreement across all sites and all methods. For KAN, one site
failed to detect resistance regarding an isolate with a C(-14)T eis mutation using
Middlebrook 7H11 agar and the recommended CC of 6 pug/ml. The reported MIC values

for this isolate were all well above the established breakpoint, indicating an error
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potentially related to the site-specific factors rather than the level of resistance conferred
by the eis mutation (Figure 5b).

For CAP, agreement with the expected results varied greatly by site, and was
associated with high levels of uncertainty. This was potentially due to the high CC
utilized for DST in determining the expected results. The APM concentration of 10 pg/ml
utilized by CDC is higher than the ECOFF separating the WT and resistant MIC
distributions, which may have contributed to undetected resistance for reference results.
The WHO now recommends a lower CC of 4 pg/ml for Middlebrook 7H10 agar (57).
The use of this higher concentration by sites performing APM could also explain some
observed discordance, due to isolates with certain rrs mutations that are associated with
an MIC close to 10 pg/ml, causing high variability for APM susceptibility results. One
such mutation is the A1401G rrs mutation, which confers CAP resistance and was
present in the majority of isolates discordant by APM (27, 56). A duplicate pair with this
mutation was susceptible by the expected, growth-based reference but resistant by
composite. When considering this isolate as resistant, agreement was higher across all
sites for MGIT and the majority of sites for APM, indicating MGIT discordance was due
to an inaccurate reference result, while discordance associated with this isolate remained
between sites for APM, likely due to the poor reproducibility associated with this
mutation when utilizing the higher CC. Additionally, a duplicate pair with frameshift tlyA
mutations were considered discordant by both APM and MGIT, which may be due to
low-level resistance that is thought to be conferred by mutations at this locus (28). These
results suggest that molecular methods may be beneficial, particularly in conjunction with

APM in order to avoid false susceptible results. Further studies may be needed to
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evaluate reliability of CAP DST but the lower recommended concentration should aid

performance (56).

Fluoroquinolones

OFL had high agreement across all sites as well as substantial interlaboratory
agreement. Discordance varied across method, and resulted from false resistant and false
susceptible results. All discordant isolates with reported false-resistance were WT and all
isolates with false-susceptible results had a gyrA mutation. All WT isolates had reported
MIC values at or within one doubling dilution of the susceptibility breakpoint indicating
possible low-level or borderline resistance (Figure 5b). This suggests there may be
another mechanism of resistance not accounted for by the measurements in this study, or
possible heteroresistance, which has been previously reported in a high proportion of FQ
resistant isolates (74). Heteroresistance describes the presence of multiple MTB
populations within a sample, containing different nucleotide sequences at resistant-
conferring loci. In this case, a population of organisms with resistance conferring gyrA
mutations may be present at a level that is not detectable by molecular methods;
therefore, these isolates would be phenotypically resistant, but may have corresponding
WT molecular results (74, 75). Additionally, missed resistance in isolates harboring gyrA
mutations may be due to varying degrees of resistance conferred by the mutation, which
may cause Vvariability in reported DST results (55).

Among the remaining FQs, only interlaboratory concordance was calculated. CIP
and LEV were only tested by APM, for which CIP had substantial agreement and better

precision than LEV and MFX. LEV had a lower estimate and lower precision,
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comparable to that of MFX. MFX was tested by all three methods, but precision was poor
for all Fleiss kappa estimates, particularly for APM and MGIT, likely due to the small
number of sites performing MFX DST using these methods. While the estimate of
agreement was substantial for APM and Sensititre, low precision indicated high levels of
uncertainty associated with the measure, making it difficult to determine with confidence
whether interlaboratory agreement for MFX using these methods was adequate. MFX had
the worst interlaboratory concordance for MGIT, in addition to low precision.
Differences in concordance between laboratories using this method may have been
affected by the reflex testing utilized by Site F that was not utilized by the other site
conducting MFX DST. Previous studies have shown that while MFX resistance may be
present at 0.5 pg/ml, an isolate may be susceptible at 2 pg/ml, allowing for a higher dose
to be included in a treatment regimen (28, 55). Therefore, isolates only tested at 2 pg/ml
may be expected to differ from results obtained from testing at 0.5 pg/ml. Further
evaluations may be necessary with larger number of strains to determine the reliability of

MFX DST with greater certainty.

Limitations

There were several limitations to this study. We evaluated a relatively small
sample size of 30 MTB isolates, and a large amount of random error was associated with
many of the estimates of agreement. The low precision of these estimates contributed to
many confidence intervals to contain kappa values associated with inadequate agreement
and led to lower overall confidence in the interpretation of the observed measures. The

sample included eight duplicates, which only allowed for descriptive analyses, making it
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difficult to determine if there were any significant patterns of duplicate agreement across
drug, site, and method. Additionally, not every laboratory performing the same method
tested the same drugs. This resulted in less precision for many interlaboratory estimates,
especially for second-line drugs, and interlaboratory concordance could not be calculated
for drugs with only one reporting site. Expected, growth-based results were not provided
for every drug tested, limiting the evaluation of site-specific agreement to drugs
previously tested by the CDC. Across all three methods, not all sites tested the full panel
of isolates, causing a smaller sample to be analyzed resulting in more random error
associated with calculated estimates. The Cohen’s kappa estimate is not recommended
for samples smaller than 30, implying some of the calculated kappa estimates for sites
with missing isolates may lack the power to detect meaningful differences. Missing data
may have also caused inaccurate estimates via selection bias if isolates were not missing
at random. However, the multisite nature of the study allowed for a different site to report
results for isolates that were missing at another site for a particular drug. Across all
methods, all isolates were tested by at least one site for each drug. A limitation of many
DST agreement studies is the lack of corresponding clinical information, which limits the
interpretation of results beyond the laboratory setting. Without a “gold standard”

measure, it is unclear how these DST results would correlate with clinical outcomes.

Conclusions
This assessment found that agreement of DST results varied by method, drug,
concentration, and genotype, with discordance observed across all methods, sites, and

drugs, excluding AMK. Little of the observed disagreement appears due to site-specific
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differences alone, and the understanding of the majority of the discordance was enhanced
by the incorporation of molecular and quantitative information, such as MIC values.
Many of the discordant isolates had corresponding MIC values equivalent to or within
one doubling dilution of the recommended APM CC, which suggests limitations
regarding the detection of low-level resistance, an observation which has been well-
documented for RMP DST. Similar limitations in the detection of low-level resistance
may exist for other first- and second-line drugs as well. The use of molecular methods in
this study provided useful information regarding the determination of low-level
resistance, and for some drugs, proved more accurate than phenotypic methods.

While the level of discordance observed in this study is not expected to be
observed in a representative sample of MTB strains, the results emphasize some of the
challenges and limitations associated with DST, calling into question the reliability of
certain phenotypic methods that may have been taken for granted over time. Furthermore,
the results demonstrate that discordance is not limited to one method, drug, or
concentration. Even quantitative results, which are considered ideal for clinical reporting,
may have limitations, illustrated by isolates with highly variable MIC results distributed
across six or seven doubling dilutions. Ultimately, further research is necessary regarding
the reasons for discordant DST results, including further research on the mechanisms of
resistance, particularly for second-line antituberculosis drugs. These limitations need to
be addressed by currently available methods in combination with new DST methods in
order to provide accurate and timely susceptibility results. Rapid DST methods remain
necessary to inform the optimal selection of treatment regimens and improve patient

outcomes.
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Table 1a. CDC expected susceptibility results by isolate and drug?

Isolate Duplicate RMP  INH (0.2) INH(1.0) EMB PZA ETO STR RBT AMK KAN CAP OFL PAS
EMO001 R R R R R R S S* S S S R S
EMO002 = EMO10 R R R R R R R S R R R S R
EMO003 S S S S S S S S S S S R S
EMO004 R R R R R R S R S R S S S
EMO05 S R S S S R S S S S S S S
EMO006 R S S S S S S R S S S S S
EMO007 = EMO16 R R R R S* S R R S S S S R
EMO008 R S S S S S S R S S S R S
EMO0S EMO11 S* R R R S R S S* S S S S S
EMO12 = EMO17 R R S S S R S R S S S S S
EMO013 = EMO028 S* R R R R R R S* S S S R S
EMO014 = EMO18 S* R R R R S R S* R R S* S S
EMO15 = EMO029 R R R R R R R R S S R S R
EMO19 S R R S S S R S S S S R S
EMO020 S R R S S S S S S S S R S
EMO021 S S S S S S R S R R R S S
EMO022 R S S R R R R R S R S R S
EMO023 = EMO030 R R S S* R R S R S S S S S
EM024 R R R R R S R S* S S S S S
EMO025 R R R R R R R S* S S S S R
EMO026 S* R R R R S R S S S S R S
EMO027 S S S S S S S S S S S S S

* phenotypic DST indicated isolate was susceptible; however, molecular results indicated a mutation consistent with resistance. These isolates
were considered resistant with regards to the composite result

! Results were determined by the Division of Tuberculosis Elimination Laboratory Branch at the CDC. Indirect agar proportion was used to
determine susceptibility results for all drugs except for pyrazinamide (PZA), for which Bactec MGIT 960 was used. Molecular detection of drug
resistance (MDDR) was performed by sequencing targeted loci associated with resistance. For composite results, isolates were considered
resistant to a particular drug if a mutation associated with resistance was present, regardless of phenotypic results.

Abbreviations: rifampin (RMP), isonizaid (INH), ethambutol (EMB), pyrzainamide (PZA), streptomycin (STR), kanamycin (KAN), capreomycin
(CAP), amikacin (AMK), ofloxacin (OFL), para-aminosalicylic acid (PAS), ethionamide (ETO), rifabutin (RBT)
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Table 1b. CDC molecular detection of drug resistance (MDDR) results by isolate and drug?

Isolate Duplicate rpoB inhA katG embB rrs eis tlyA gyrA pncA
EMO001 Ser531Leu WT Ser315Thr Met306Val T1239C WT WT Asp94Asn A(-11)G
EMO002 EMO010 Asp516Val WT Ser315Thr WT A1401G WT WT WT A(-11)G
EMO003 Phe514Phe WT WT WT WT WT WT Asp94Asn WT
EMO004 Ser531Leu WT Ser315Thr Met306lle WT C(-14)T WT WT Alal146Glu
EMOO05 WT C(-15)T WT Glu378Ala WT WT WT WT WT
EMO006 His526Tyr WT WT WT T1239C WT WT WT WT
EMOO07 EMO16 Ser531Leu WT Ser315Thr WT WT WT WT WT Tyr103Cys
EMO008 His526Asp WT WT WT WT WT WT Asp94Gly WT
EMO09  EMO11  Asp516Tyr  C(-15)T WT LeusSSleu, WT WT WT WT WT
Glu378Ala
EMO12 =~ EMO17 | His526Tyr = C(-15)T WT Leu3ssleu, WT wT wWT WT WT
Glu378Ala
EMO013  EMO028 L:::;:;:: C(-15)T  Ser315Thr '\A/'se;:g:g; WT WT WT Asp94Gly  A(-11)G
EMO014 EMO018 Ser531Cys WT Ser315Asn = Met306Val A1401G WT WT WT Trpl119Arg
EMO15 EMO029 Ser531Trp C(-15)T Ser315Thr Met306lle WT WT Frameshift WT Trp68Arg
EMO019 WT WT Ser315Thr Glu378Ala WT WT WT Alagoval WT
EMO020 WT WT Thr394Pro Glu378Ala WT WT WT Alagoval WT
EMO021 WT WT WT WT A1401G WT WT WT WT
EMO022 Ser531Leu WT WT Met306lle WT G(-37)T WT Asp94Gly Frameshift
EMO023 EMO030 Ser531Leu C(-15)T WT Met306lle WT WT WT WT Frameshift
EMO024 Ser531Leu WT Ser315Thr = Met306Leu WT WT WT WT Asp12Ala
EMO025 Ser531Leu WT Ser315Thr = Met306Val WT WT WT WT Leul51Ser
EMO026 Leu511Pro’ WT Ser315Thr Met306Val WT WT WT wWT Ala102Val
(Asp94Gly)»
EMO27 WT WT WT WT WT WT WT WT WT

A Initial sequencing results indicate no mutation; however, examination of growth in the presence of ofloxacin revealed a mutation consistent
with resistance
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1 Molecular results in red were identified as resistant conferring mutations in isolates with susceptible growth-based results. These isolates were
considered resistant with regards to the composite results

*disputed rpoB mutation likely to confer resistance to RMP but not RBT

Abbreviations: rifampin (RMP), isonizaid (INH), ethambutol (EMB), pyrzainamide (PZA), streptomycin (STR), kanamycin (KAN), capreomycin
(CAP), amikacin (AMK), ofloxacin (OFL), para-aminosalicylic acid (PAS), ethionamide (ETO), rifabutin (RBT)

Table 2a. Summary of participating laboratories performing APM

Concentrations (ug/ml)>
Site Media® RMP INH EMB PZA ETO STR RBT AMK KAN CAP MFX OFL Cip LEV PAS
conc. N conc. N conc. N CONC. N CONC. N CONC. N CONC. N CONC. M CONC. N CONC. N CONC. M CONC. M CONC. N CONC. h conc. n
. 1 30 0.2 30 5 30 N/A - 5 24 2 30 N/A - 4 30 5 30 10 30 N/A - 2 29 N/A - N/A - N/A
Site A 7H10
1 30 10 30
Site B 7H10 1 30 0.2 30 5 30 N/A - 10 30 2 30 2 30 4 30 5 30 10 30 N/A - 2 30 2 30 N/A - 2 30
1 30 10 30
Site C 7H11 1 30 02 30 75 30 N/A - 10 30 2 30 N/A - 6 30 6 30 10 30 05 30 2 30 2 30 1 30 8 30
1 30
. 1 27 02 27 5 27 N/A - 5 27 2 27 2 27 N/A - 5 27 10 27 N/A - 2 27 N/A - N/A - N/A
Site D 7H10
1 27
Site E 7H10 1 30 0.2 30 5 30 N/A - 5 30 2 30 05 30 4 30 5 30 10 30 05 30 2 30 N/A - 1 30 2 30
1 30 10 30

1Solid Media: Middlebrook 7H10 (7H10) agar, Middlebrook 7H11 agar (7H11)

2Concentration (conc.) refers to the critical/equivalent concentrations used to determine susceptibility. The number of isolates tested for each
drug/concentration combination (n) is also reported.

Abbreviations: rifampin (RMP), isoniazid (INH), ethambutol (EMB), pyrazinamide (PZA), ethionamide (ETO), streptomycin (STR), rifabutin (RBT),
amikacin (AMK), kanamycin (KAN), capreomycin (CAP), moxifloxacin (MFX), ofloxacin (OFL), ciprofloxacin (CIP), levofloxacin (LEV), para-
aminosalicylic acid (PAS)
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Table 2b. Summary of participating laboratories performing MGIT

Concentrations (ug/ml)*
Site RMP INH EMB PZA ETO STR RBT AMK KAN CAP MFX OFL cip LEV PAS
CONC. N cONc. N CONC. N CONC. N CONC. N CONC. N CONC. N CONC. M CONC. N CONC. N CONC. N CONC. N CONC. N C€ONC. N conc. h

Site B 1 27 01 27 5 27 100 30 N/A - N/A - N/A - N/A - N/A - N/A - N/A - N/A - N/A - N/A - N/A -
04 27

Site C 1 30 01 30 5 30 100 28 N/A - 2 30 N/A - 2 30 2 30 2 30 05 30 2 27 1 30 1 29 N/A -
04 30

Site E 1 30 01 30 5 30 100 30 N/A - 1 30 N/A - N/A - N/A - N/A - N/A - N/A - N/A - N/A - N/A -
04 28

Site F 1 30 0.1 30 5 30 100 30 5 30 1 30 N/A - 1.5 30 N/A - 3 30 0.25 25 N/A - N/A - N/A - N/A -
0.4 30 0.5 5

Site G 1 29 01 29 5 29 100 29 5 28 1 29 N/A - N/A - N/A - 3 29 N/A - 1.5 29 N/A - N/A - N/A -
04 29

1 Concentration (conc.) refers to the equivalent concentrations used to determine susceptibility. The number of isolates tested for each
drug/concentration combination (n) is also reported.

Abbreviations: rifampin (RMP), isoniazid (INH), ethambutol (EMB), pyrazinamide (PZA), ethionamide (ETO), streptomycin (STR), rifabutin (RBT),
amikacin (AMK), kanamycin (KAN), capreomycin (CAP), moxifloxacin (MFX), ofloxacin (OFL), ciprofloxacin (CIP), levofloxacin (LEV), para-
aminosalicylic acid (PAS)
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Table 2c. Summary of participating laboratories performing Sensititre and MIC breakpoints

utilized
MIC Breakpoints (ug/ml)>
site’ RMP INH EMB PZA ETO STR RBT AMK KAN CAP MFX OFL CIP LEV PAS
conc. COnc. Conc. Conc. CONC. CONC. CONC. CONC. CONC. CONC. CONC. CONC. CONC. CONC. CONC.
. 1 0.25 4 N/A 5 2 0.5 4 5 N/A | 0.5 2 N/A | N/A 2
Site B, D, H-L 1 10 ) )

The same MIC breakpoints were utilized for all sites performing this method

2Concentration (conc.) refers to the MIC breakpoint used to classify isolates as susceptible or
resistant based on Middlebrook 7H10 recommended critical concentrations and additional APM
concentrations used to establish the CDC expected results.

Abbreviations: rifampin (RMP), isoniazid (INH), ethambutol (EMB), pyrazinamide (PZA),
ethionamide (ETO), streptomycin (STR), rifabutin (RBT), amikacin (AMK), kanamycin (KAN),
capreomycin (CAP), moxifloxacin (MFX), ofloxacin (OFL), ciprofloxacin (CIP), levofloxacin (LEV),
para-aminosalicylic acid (PAS)



Table 3a. Sensitivity and Specificity estimates for sites performing APM?

Site A Site B Site C Site D Site E
Drug
Se (95% ClI) | Sp(95% Cl) | Se(95% Cl) | Sp (95% ClI) Se (95% ClI) | Sp (95% Cl) Se (95% ClI) | Sp (95% Cl) Se (95% ClI) | Sp (95% Cl)
RMP 100 (80, 100) | 85(55,98) | 100(80,100) | 85(55,98) | 100 (80, 100) | 92 (64,100) | 100 (77,100) | 92 (64, 100) | 100 (80, 100) | 100 (75, 100)
INH (0.2) [ 92(70,99) | 100 (54, 100) | 100 (86, 100) | 100 (54, 100) | 92(73,99) | 100 (54,100) | 90(70,99) | 100 (54,100)| 92(73,99) | 100 (54, 100)
INH(1.0) | 89(67,99) | 100 (72,100)| 100 (82,100) | 82 (48, 98) 89(67,99) | 100(72,100)| 89(65,99) | 100 (66,100)| 89 (67,99) 82 (48, 98)
EMB 44 (22,69) | 100 (74,100)| 83(59,96) | 100(74,100)| 72(47,90) | 100 (74,100)| 47(23,72) | 100 (69, 100) | 94 (73, 100) 83 (52, 98)
STR (2.0) | 100 (79, 100) | 57(29,82) | 100(79,100) | 79 (49,95) | 100 (79,100) | 79(49,95) | 100(78,100) | 83(52,98) | 100 (79,100) | 93 (66, 100)
STR(10) | 94(70,100) | 86(57,98) | 88(62,98) | 100(77, 100) ISR 75 (48,93) | 100(77, 100)
RBT 100 (74,100) | 83 (59, 96) 100 (66, 100) | 89 (65,99) | 100 (74,100) | 83 (59, 96)
ETO 55(23,83) | 100 (75,100)| 88(64,99) | 100 (75, 100) 18 (4, 43) 100 (75,100) [ 79(49,95) | 100(75,100) | 65(38,86) | 100 (75,100)
AMK 100 (48, 100) | 100 (86, 100) | 100 (48, 100) | 100 (86, 100) | 100 (48, 100) | 100 (86, 100) 100 (48, 100) | 100 (86, 100)
CAP 100 (48,100) | 92 (74,99) | 100 (48, 100) | 96 (80, 100) 40 (5, 85) 100 (86,100) | 75(19,99) 91 (72,99) 60 (15,95) | 100 (86, 100)
KAN 100 (59, 100) | 100 (85, 100) | 100 (59, 100) | 100 (85, 100) | 86 (42, 100) | 100 (85, 100) | 100 (59, 100) | 100 (83, 100) | 100 (59, 100) | 100 (85, 100)
OFL ) | 100 (66, 100) | 95 (76, 100) | 89 (52, 100) 90(70,99) | 0) [ 78(40,97) | 100 (84, 100)
PAS 86 (42,100) | 100 (85, 100) 14 (0, 58) 100 (85, 100) 29 (4,71) 100 (85, 100)

ISensitivities (Se) and Specificities (Sp) were calculated using the expected, growth-based results as a reference

0.



Table 3b. Sensitivity and Specificity estimates for sites performing MGIT?

100 (48, 100) |

60 (15,95) | 88(69,97)
100 (59, 100) | 100 (85, 100)
78 (40,97) | 100 (81, 100)

Site B Site C Site E Site F Site G

Drug Se (95% ClI) | Sp(95%Cl) | Se(95%Cl) | Sp(95%Cl) | Se(95% Cl) | Sp(95%Cl) | Se(95% Cl) | Sp(95% Cl) | Se(95% Cl) | Sp (95% ClI)
RMP 100 (79, 100) | 100 (72, 100) | 100 (80, 100) | 100 (75, 100) | 100 (80, 100) | 100 (75, 100) | 100 (80, 100) | 100 (75, 100) | 100 (80, 100) | 100 (74, 100)
INH (0.1) [ 91(71,99) | 100 (48,100)| 88(68,97) | 100 (54,100)| 96 (79,100) | 100 (54,100) | 92(73,99) | 100 (54,100)| 91(72,99) | 100 (54, 100)
INH(0.4) | 94 (71,100) | 80(44,97) | 84(60,97) | 91(59,100) | 95(74,100) | 78(40,97) | 100 (82,100) | 82(48,98) | 94(73,100) | 73(39,94)
EMB 41 (18,67) | 100(69,100) | 17 (4,41) 100 (74,100) | 44(22,69) | 92(62,100) 44 (22,69) | 100 (74,100) | 28(10,53) | 100(72,100)
PZA | 100(79,100) | 71(42,92) | 100(77,100) | 100(77,100)| 94 (70,100) | 100 (77, 100) | 100 (79, 100) | 86(57,98) | 94 (70,100) | 92 (64, 100)
94 (70,100) | 93 (66,100) | 100(79,100) | 86(57,98) | 100 (79,100) | 86(57,98) | 100 (78,100) | 93 (66, 100)

94 (71, 100)

100 (75, 100)

94 (71, 100)

| 100 (48, 100)

100 (86, 100)

100 (48, 100)

92 (74, 99)

ISensitivities (Se) and Specificities (Sp) were calculated using the expected, growth-based results as a reference

Table 3c. Sensitivity and Specificity estimates for sites performing Sensititre®

88 (47, 100)

100 (74, 100)

100 (48, 100) | 96 (79, 100)

100 (84, 100)

Drug Site B Site D Site H Site | Site J Site K Site L

Se (95% Cl) | Sp(95%Cl) | Se(95%Cl) | Sp(95%Cl) | Se(95%Cl) | Sp(95%Cl) | Se(95%Cl) | Sp(95%Cl) [ Se(95%Cl) | Sp(95%Cl) | Se(95%Cl) | Sp(95%Cl) | Se(95%Cl) | Sp (95% CI)

RMP [ 100 (80, 100) | 85(55,98) | 100 (78,100) | 92 (64, 100) | 100 (80, 100) | 85 (55,98) [ 100 (80, 100) | 85 (55,98) | 100 (80, 100) | 77 (46,95) | 100 (80,100) | 77 (46,95) | 100 (80,100) | 85 (55,98)
INH (0.25)| 92(73,99) | 100 (54,100)| 86(65,97) | 100 (54,100) | 88(68,97) | 100 (54,100)| 88 (68,97) | 100 (54,100) [ 92(73,99) | 100 (54,100) | 92(73,99) | 100 (54,100)| 92(73,99) | 100 (54, 100)
INH (1) [ 95(74,100) | 100(72,100)| 84 (60,97) | 100 (66,100) | 84 (60,97) 82 (48, 98) 89(67,99) | 100(72,100) [ 89(67,99) | 100(72,100) | 79(54,94) | 91(74,100) | 89(67,99) | 100 (72, 100)
EMB 44 (22,69) |100(74,100)| 33(13,59) | 100 (69,100) | 50(26,74) | 100(74,100)| 22(6,48) | 100(74,100)| 61(36,83) | 100(74,100) | 33(13,59) | 100(74,100) | 44(22,69) | 92(62,100)
STR | 100(79,100) | 79(49,95) | 88(62,98) | 100 (74,100)| 69 (41,89) | 93(66,100) | 88(62,98) | 93 (66,100) | 94 (70,100) | 93 (66, 100) | 100(79,100) | 79 (49,95) | 100 (79, 100) | 100 (77, 100)
RBT (0.5) | 100 (74, 100) | 78(52,94) | 80(44,97) | 83(59,96) | 92(62,100) | 83(59,96) | 100 (74,100) | 83(59,96) | 92(62,100) | 83(59,96) | 100(74,100)| 83(59,96) | 83(52,98) | 78(52,94)
RBT (2) [ 100 (74,100) | 89(65,99) 70 (35, 93) 83 (59, 96) 75 (43, 95) 89 (65, 99) 75 (43, 95) 89 (65, 99) 83 (52, 98) 89 (65, 99) 83(52,98) 89 (65, 99) 67 (35, 90) 83 (59, 96)
ETO(5) | 76(50,93) |100(75,100)| 60(32,84) | 92(64,100) | 47(23,72) |100(75,100) | 53(28,77) |100(75,100) | 41(18,67) | 100(75,6100)| 53(28,77) | 100(75,100)| 65 (38,86) | 100 (75,100)
ETO (10) [ 47(23,72) |100(75,100)| 53(27,79) | 100(75,100) | 24(7,50) | 100(75,100)| 41(18,67) | 100(75,100)| 24(7,50) |100(75,100)| 35(14,62) | 100(75,100) | 47(23,72) | 100 (75, 100)
AMK | 100 (48, 100) | 100 (86, 100) | 100 (48, 100) | 100 (85, 100) | 100 (48, 100) | 100 (86, 100) | 100 (48, 100) | 100 (86, 100) | 100 (48, 100) | 100 (86, 100) | 100 (48, 100) | 100 (86, 100) | 100 (48, 100) | 100 (86, 100)
KAN 100 (59, 100) | 100 (85, 100) | 100 (59, 100) | 100 (84, 100) | 100 (59, 100) | 100 (85, 100) | 100 (59, 100) | 100 (85, 100) [ 100 (59, 100) | 100 (85, 100) | 100 (59, 100) | 100 (85, 100) | 100 (59, 100) | 100 (85, 100)

OFL 89(52,100) | 90(70,99) | 89(52,100) | 89(67,99) | 89(52,100) | 90(70,99) | 89(52,100) | 90(70,99) [ 89(52,100) | 86(64,97) | 100 (66,100) | 81(58,95) | 89(52,100) | 90(70,99)
PAS | 100 (59, 100) | 96 (78,100) | 43(10,82) | 100 (84,100) | 57(18,90) | 100 (85,100) | 43(10,82) | 100(85,100)| 14(0,58) | 100(85,100)| 71(29,96) | 91(72,99) | 57(18,90) | 96 (78, 100)

Categorical Sensitivities (Se) and Specificities (Sp) were calculated using the expected, growth-based results as a reference

1.
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FIGURE LEGENDS
Figure 1.
Concordance of site-specific indirect agar proportion (APM) DST results with expected
DST results provided by the CDC. Cohen’s Kappa estimates and corresponding 95%
confidence intervals were calculated by drug using the expected results as the reference.
The majority of sites utilized CLSI or WHO recommended critical concentrations,
although some sites tested RBT and ETO at higher 7H10 concentrations (25,62). Apart
from isoniazid and streptomycin, sites are grouped by drug regardless of the

concentration used for DST.

Figure 2.

Concordance of site-specific MGIT 960 Mycobacterial Detection System (MGIT) DST
results with expected DST results provided by the CDC. Cohen’s Kappa estimates and
corresponding 95% confidence intervals were calculated by drug using the expected
results as the reference. Equivalent concentrations recommended by the CLSI were used
for the first-line drugs (rifampin, isoniazid, ethambutol, and pyrazinamide) and
ethionamide (25). All other concentrations were determined by the sites reporting DST
results. Apart from isoniazid, sites are grouped by drug regardless of the concentration

used for DST.

Figure 3a.
Categorical concordance of site-specific TREK Sensititre MYCOTB MIC plate

(Sensititre) DST results with expected DST results provided by the CDC. Cohen’s Kappa


https://paperpile.com/c/GNOQR8/aP7f+UlIR
https://paperpile.com/c/GNOQR8/aP7f
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estimates and corresponding 95% confidence intervals were calculated by drug using the
expected results as the reference. The breakpoints for susceptibility were determined
using the concentration included on the plate that was closest to the recommended
Middlebrook 7H10 indirect agar proportion critical concentration and any additional

concentrations utilized to determine expected results (25,62).

Figure 3b.

Conditional concordance of site-specific TREK Sensititre MYCOTB MIC plate
(Sensititre) DST results with expected DST results provided by the CDC. Cohen’s Kappa
estimates and corresponding 95% confidence intervals were calculated by drug using the
expected results as the reference. The breakpoints for susceptibility were determined
using the concentration included on the plate that was closest to the Middlebrook 7H10
indirect agar proportion critical concentration and any additional concentrations utilized

to determine expected results (25,62).

Figure 4.

Fleiss Kappa estimates and 95% confidence intervals measuring interlaboratory
concordance by drug for each method: indirect agar proportion (APM), MGIT 960
Mycobacterial Detection System (MGIT), and TREK Sensititre MYCOTB MIC plate
(Sensititre). A Fleiss Kappa estimate of 0.6 and above was considered substantial

agreement and an acceptable magnitude of agreement between sites.


https://paperpile.com/c/GNOQR8/aP7f+UlIR
https://paperpile.com/c/GNOQR8/aP7f+UlIR
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Figure 5a.

Distribution of minimum inhibitory concentrations (MICs) for discordant isolates
corresponding to the drugs rifampin (RMP), streptomycin (STR), isoniazid (INH), and
ethambutol (EMB). Isolates were considered discordant if at least one site reported a
result that was not in agreement with the corresponding expected, growth-based result for
any method. Discordant isolates are grouped by mutations present at loci associated with
resistance: rpoB (RMP), inhA (INH 0.2 pg/ml), katG (INH 1 ug/ml), embB (EMB)
(27,60). STR was not grouped by rrs mutations. Dashed lines indicate the susceptibility
breakpoint at the concentration closest to the recommended 7H10 APM critical

concentration.

Figure 5b.

Distribution of minimum inhibitory concentrations (MICs) for discordant isolates
corresponding to the drugs rifabutin (RBT), para-aminosalicylic acid (PAS), ofloxacin
(OFL), kanamycin (KAN), and ethionamide (ETO). Isolates were considered discordant
if at least one site reported a result that was not in agreement with the corresponding
expected, growth-based result for any method. Discordant isolates are grouped by
mutations present at loci associated with resistance: rpoB (RBT), inhA (ETO), gyrA
(OFL), and rrs/eis (KAN) (27,60). PAS did not have a corresponding locus associated
with drug resistance. Grey, dashed lines indicate the susceptibility breakpoint at the
recommended 7H10 APM critical concentration (CC). Red dashed lines indicate higher
susceptibility breakpoints established in order to account for concentrations used to

determine the expected, growth-based result that differed from the recommended CC.


https://paperpile.com/c/GNOQR8/QA1L+k6Mr
https://paperpile.com/c/GNOQR8/QA1L+k6Mr
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Figure 2.
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Figure 3a.

Figure 3b.
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Figure 5a.
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Figure 5b.
Rifabutin PAS
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