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ARTICLE INFO ABSTRACT

Keywords: Background: Multidrug and extensively drug-resistant tuberculosis (M/XDR-TB) pose major threats to global
Pyrosequencing (PSQ) health. Diagnosis accuracy and delay have been the major drivers for the upsurge of M/XDR-TB. Pyrosequencing
Diagnostic (PSQ) is a novel, real-time DNA sequencing for rapid detection of mutations associated with M/XDR-TB. We

Multi drug-resistant tuberculosis (MDR)
Extensively drug-resistant tuberculosis (XDR)
Systematic review

Meta-analysis

aimed to systematically synthesize the evidence on the diagnostic accuracy of PSQ for M/XDR-TB.

Methods: We conducted an electronic search of PubMed, Embase, Biosis, Web of Science, and Google Scholar up
to March 2020. We used the QUADAS-2 (Quality Assessment of Diagnostic Accuracy Studies) tool to assess the
quality of studies, the BRMA (bivariate random-effects meta-analysis) model to synthesize diagnostic accuracies,
and the Rev-Man 5.4 software to perform the meta-analyses. We analyzed dichotomous data using the risk ratio
(RR) with a 95% confidence interval. PROSPERO Registration ID: CRD42020200817.

Results: The analysis included seven studies, with a total sample of 3,165. At 95% confidence interval, the pooled
sensitivity and specificity of PSQ were 89.7 (CI: 83.5-93.8) and 97.8 (CI: 94.9-99.1) for Isoniazid, 94.6 (CIL:
90.9-96.8) and 98.5 (CL: 96.5-99.3) for Rifampicin, 87.9 (CI: 81.2-92.4) and 98.8 (CL: 97.2-99.5) for Fluo-
roquinolone, 83.5 (CI: 72.8-90.5) and 99.4 (CI: 98.3-99.8) for Amikacin, 79 (CI: 67-8-87) and 97.9 (CI: 95.5-99)
for Capreomycin, and 69.6 (CI: 57-79.8) and 98.2 (CI: 95.9-99.2) for Kanamycin. The overall pooled sensitivity
and specificity were 85.8 (CL: 76.7-91.7) and 98.5 (CI: 96.5-99.3), respectively.

Conclusion: According to the pooled data, PSQ is highly sensitive and specific for detecting M/XDR-TB, both from
clinical specimens and culture isolates, and within a shorter turnaround time. We suggest a continued synthesis
of the evidence on the cost-effectiveness and technical feasibilities of PSQ in low-income countries context,
including sub-Saharan Africa.

1. Introduction half a million people developed rifampicin-resistant TB (RR-TB), of
which 78% had multidrug-resistant TB (MDR-TB). The upsurge of
Tuberculosis (TB) remained a major threat to global health [1-3]. multidrug and extensively drug-resistant tuberculosis (M/XDR-TB), as

According to the World Health Organization’s global TB report 2020 well as the totally drug-resistant TB (TDR-TB)” is hindering the global
[4], an estimated 10.0 million people fell ill with TB in 2019 and close to TB control efforts [5,6]. The major gap has been the insufficient

* Corresponding author at: Addis Ababa University, College of Health Sciences, Centre for Innovative Drug Development and Therapeutic Trials for Africa, P.O. Box
9086, Addis Ababa, Ethiopia.
E-mail address: emnet.getachew@aau.edu.et (E. Getachew).

https://doi.org/10.1016/j.jctube.2021.100254

Available online 29 June 2021
2405-5794/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:emnet.getachew@aau.edu.et
www.sciencedirect.com/science/journal/24055794
https://www.elsevier.com/locate/jctube
https://doi.org/10.1016/j.jctube.2021.100254
https://doi.org/10.1016/j.jctube.2021.100254
https://doi.org/10.1016/j.jctube.2021.100254
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jctube.2021.100254&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

E. Getachew et al.

capability to diagnose M/XDR-TB in a timely and cost-effective manner
[7,8].

Reliable molecular diagnostics, which can detect specific mutations
that confer drug resistance, are the most promising technologies for
rapid identification of M/XDR-TB. These technologies, most remarkably
the Hain MTBDR Plus line probe assay [9,10] and the Gene Xpert MTB/
RIF assay [11,12], are being used globally to screen for the most prev-
alent mutations associated with resistance to isoniazid (INH) and/or
rifampin (RIF). However, they cannot detect all mutations in specific
region and are unable to distinguish silent mutations [13]. Therefore,
there has been little progress towards the broad application of these
tools for M/XDR-TB.

Pyrosequencing (PSQ) emerges as a real-time assay for rapid
sequencing of small segments of genomic DNA to detect M/XDR-TB
accurately and reliably [14-16]. It was reported that it overcomes the
limitation of previous M/XDR-TB assays and detects resistance to more
drugs in a shorter time [17,18]. It not only determines the presence or
absence of these mutations but also displays the exact sequence data to
guide treatment decisions.

However, studies are lacking that synthesized the evidence on the
diagnostic accuracy of PSQ for M/XDR-TB. Multiple trials are evaluating
novel therapeutic agents, repurposed agents, and novel care cascades to
transform the landscape for M/XDR-TB [19-22]. Looking for new
diagnostic tools and following-up of diagnostic accuracy of existing ones
are equally important to harness the End-TB pathway. Thus, we aimed to
synthesize the evidence on the diagnostic accuracy of PSQ for M/XDR-
TB.

2. Methods

The study followed the Preferred Reporting Items for Systematic
Review and Meta-Analysis Protocols (PRISMA-P) 2015 guidelines [23]
for reporting results, QUADAS-2 (Quality Assessment of Diagnostic Ac-
curacy Studies) tool [24] to assess the quality of studies, and the BRMA
(bivariate random-effects meta-analysis) model [25] to synthesize
diagnostic accuracies. The protocol has been registered on PROSPERO,
ID: CRD42020200817 [26].

2.1. Inclusion criteria
We included studies that met the study’s predefined criteria:

o Types of studies: Multi or single-center, prospective, head-to-head
clinical evaluation

e Participants: Patients of any age who had: isoniazid, rifampicin, flu-
oroquinolones, amikacin, kanamycin and capreomycin resistant TB.

e Index tests: PSQ

o Target conditions: M/XDR-TB

e Reference standard: Phenotypic DST/ BACTEC MGIT960 either on
solid or liquid media

2.2. Search strategy

We searched the following databases to find abstracts and their full-
text articles: PubMed, Embase, Biosis, Web of Science, and Google
Scholar. We searched up to March 2020 using the keywords and search
terms “Tuberculosis* AND Pyrosequencing*”, Multidrug-Resistant*,
“Drug Resistance®, “Drug Resistance, Bacterial®, “extensively drug
resistance”, “pyrosequencing*“, “Tuberculosis second-line drug-resis-
tant“, "PSQ*, “phenotype DST**, "BACTEC MGIT960%*, “Tuberculosis
total drug resistance*“, and “pyrosequencing, XDR TB.

2.3. Data collection and analysis

Two review authors independently extracted data and assessed the
quality of included studies using QUADAS-2 tool. We had combined data
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for PSQ and assessed sensitivity and specificity for anti-M/XDR-TB
drugs. We explored the influence on accuracy estimates of individual
drugs within a drug class of the same reference standards. We carried out
most analyses using a bivariate random-effects model with culture-
based DST as a reference standard. Where sufficient data were available,
we have compiled data applying meta-analysis. Plotted estimates of
sensitivities and specificities in forest plots with 95% Confidence In-
tervals (Cis). We used Rev-Man 5.4 software to perform the meta-
analyses.

2.4. Selection of studies

Two review authors independently examined titles and abstracts of
identified citations. Titles and/or abstracts of all citations were screened
further for a full-text review using the predefined criteria. For full-text
articles, we resolved any discrepancies by consensus.

We extracted results from the selected studies that evaluated the
accuracy (sensitivity and specificity) of PSQ for M/XDR-TB in clinical
specimens or isolates. We considered the following pre-determined
criteria to include studies in our review:

PSQ was utilized for rapid M/XDR-TB detection

Detection was performed in clinical specimens or isolates

The study evaluated accuracy (sensitivity and specificity) of PSQ
Phenotypic DST on either liquid or solid media used as reference
standard

e Sample size should include at least 20, with at least 10 specimens
showing M. TB with drug resistance, and at least 10 with drug-
susceptible strains.

2.5. Data extraction and management

We customized a data extraction form designed to extract and cap-
ture the following information:

Details of the study: first author; publication year; country where
testing was performed; specimen country origin; setting; participant
selection procedure; and the number of participants enrolled

e Target conditions: resistance to the following drugs: isoniazid,
rifampicin,  fluoroquinolones, amikacin, kanamycin = and
capreomycin.

Resistances to individual drugs: Isoniazid, rifampin fluoroquinolone,
and capreomycin, Kanamycin, and Amikacin.

Reference standard: type

Specimen: type; condition (fresh or frozen); definition of a positive
test; type of testing

e Outcomes: sensitivity and specificity

2.6. Assessment of methodological quality

Included articles were assessed by the first author, who extracted
data using the extraction form. A second reviewer independently
extracted data from a subset of the included studies and differences
between the two reviewers were reconciled by consensus. Quality of
included studies was assessed using the QUADAS criteria.

2.7. Investigations of heterogeneity

Due to the limited number of included studies, it is difficult to assess
the source of heterogeneity using meta-regression analysis. We have
scrutinized heterogeneity through visual examination of forest plots of
sensitivity and specificity. Then, if adequate studies were available, we
have explored the possible influence of the following pre-specified cat-
egorical covariate: resistance to the following drugs: Isoniazid, Rifam-
picin, fluoroquinolone, Amikacin, Kanamycin, and capreomycin
resistance and based on drug group.
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We had planned to explore the effect of HIV status, the condition of
the specimen (fresh or frozen), sample volume, and population (patients
thought to have MDR-TB or XDR-TB) on summary estimates of sensi-
tivity and specificity in a meta-regression analysis by adding covariate
terms to the bivariate model. However, there was inadequate data that
specify all the above information for these additional analyses.

2.8. Sensitivity analyses

For our analyses using the culture-based DST reference standard, we
have conducted sensitivity analyses for QUADAS-2 items to explore
methodological quality of the studies, checking whether (Table 3):

e A consecutive or random sample of patients/specimens were
enrolled

e A case-control design was avoided

e Index test results were interpreted without knowledge of the results
of the reference standard

o The test was applied in the way recommended by the manufacturer

2.9. Assessment of reporting bias

We did not assess for publication bias of included data as such
techniques were not useful for biases within diagnostic test accuracy
studies. We summarized data on inter-reader variability; but not for
intra-reader variability as information were not described in the
included studies. We had also intended to summarize two patient out-
comes, time-to-diagnosis, and time-to-treatment initiation; however,
time-to-diagnosis was the only outcome described in the included
studies.

50 of recordsidentified through
database searching

|

47 of records screened by
their title and abstract

16 of full text articles assessed
for eligibility I

7 of studies included
in the analysis
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3. Result
3.1. Search results

We found 50 studies from the initial search, of which seven [27-33]
met the inclusion criteria of this review (Fig. 1).

3.2. Methodological quality

Figs. 2 and 3 show the risk of bias and applicability concerns for each
of the 7 included studies. In the patient selection domain, we judged that
1 study (14.3%) had an unclear risk of bias. Since the report on one study
did not provide detailed information on the procedure of patient selec-
tion, we judged that 6 studies (85.7%) [28-33] had a low risk of bias in
the index test. We have judged that only one study (14.3%) as a low risk
of bias in flow and timing of sample collection and study procedure,
while the authors of the other studies did not provide information on the
timing of sample collection (Fig. 2).

Regarding applicability, six studies [27-29,31-33] had low concern
in patient selection and only one study [29] had unclear concerns in the
index test domain. In the reference-standard domain, one study (14.3%)
[27] had unclear selection and application of reference standard since it
was impossible to find out which reference standard had been used
(Fig. 3).

3.3. Study characteristics

The seven studies that were included had a total sample of 3165. Of
the seven studies, one study reported results using both clinical speci-
mens and clinical isolates, 4 studies (57%) evaluated patients from
multi-center of different countries, and the rest (43%) were from a single
country. The median sample size (interquartile range) was 593 (57 to
1128). Five (72%) studies reported results of INH, RIF, FQ, AMK, KAN,
and CAP. One study [30] did not include the result of AMK, CAP, and

3 studies removed due to
duplication

32 of records excluded

9 of full text articles excluded
due to lack of relevant
information for the particular
study

Fig. 1. PRISMA flow diagram of the study.
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Fig. 2. Risk of bias and applicability concerns:
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Fig. 3. Risk of bias and applicability concerns summary.

KAN, and one study [33] did not include the results of AMK and INH.
Table 1 summarized all relevant data extracted from included studies.

3.4. Pooled sensitivity and specificity

The overall pooled sensitivity 85.8% (95% CI: 76.7-91.7) and pooled
specificity 98.5 (95% CI: 96.5-99.3) (Table 2, Figs. 4 and 5).

3.5. QUADAS-2 analysis

Table 3

Table 1
Data extracted from all included studies.

Table 2

Sensitivity and specificity of each drug of included studies.
Type of Sensitivity =~ Lower Upper Specificity ~ Lower
drug limit limit limit
AMK 83.5 72.8 90.5 99.4 98.3 99.8
CAP 79 67.8 87 97.9 95.5 99
FQ 87.9 81.2 92.4 98.8 97.2 99.5
INH 89.7 83.5 93.8 97.8 94.9 99.1
KAN 69.6 57 79.8 98.2 95.9 99.2
RIF 94.6 90.7 96.8 98.5 96.5 99.3

4. Discussion

Here, we conducted a systematic review and meta-analysis on the
value of PSQ for drug susceptibility of M. tuberculosis in direct speci-
mens and isolates of 3265 enrolled patient samples. We found a high
overall pooled sensitivity of 85.8% and a pooled specificity of 98.5%.

There is a critical need for rapid and accurate diagnosis of DR-TB.
Earlier detection of DR-TB if followed by prompt and appropriate
treatment changes could potentially reduce disease progression and
transmission. As our pooled analysis indicated, PSQ is highly specific
and comparable to diagnostic tools currently in use such as phenotypic
DST, LPA, or Xpert. PSQ has an added value as it is more rapid, can be
applied directly from the clinical specimen, make available exact data
about all known mutations at once, is open and adaptable to new mu-
tations, and allows extensive post-processing analyses [34,35]. Previous
studies reported that PSQ is more affordable for less affluent settings,
typically relevant for areas around the world that are highly burdened
with drug-susceptible as well as drug-resistant TB, easily distinguish
between missense and silent mutation and detect outside the target re-
gion compared to phenotypic Compared with DNA sequencing, the
concordance rate of PSQ for first-line drugs was 100% [35,36]. The
overall concordance between PSQ and GenoType MTBDR plus in clinical
strains was 99.1% [27]. Thus, PSQ for conferring resistance to RIF and
other first-line anti-TB drugs is reliable. Compared with other methods,
such as PCR-single strand conformational polymorphism assay 20 and
LiPA (line probe assay), PSQ is shown to save time and labor [37]. For

First-line Second-line
Sensitivity Specificity Sensitivity Specificity
Study Country INH RIF INH RIF FQ AMK CAP KAN FQ AMK CAP KAN
Lin (2013) USA 88% 96% 100%  100% 87%  100% 100% 86%  100%  99% 99%  100%
Ajbani (2014) India, South Africa, Moldova, Philippines 94%  96%  96% 100%  93%  84% 88% 68%  100%  100% 97%  100%
Georghiou India 98%  98%  97% 100%  96%  94% 94% 93%  99% 100%  99%  91%
(2015)
Moldova 94%  94%  96% 100%  64%  33% 40% 79%  99% 99% 99%  99%
South Africa 71%  77%  94% 98% 90%  92% 85% 92%  99% 98% 98%  98%
Bravo (2009) Philippines 64% 97% 100% 96 70% - - - 100% - - -
Catanzaro India, Moldova, Philippines, Peru, South Africa, 95% 94% 96% 99% 94% 84% 84% 50% 99% 99% 99% 99%
(2015) USA
Engstrém (2012)  Sweden 94%  95%  100%  100% 87%  82% 80% 84%  100%  100% 97%  98%
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INH

Study TP FP FN

Ajbani 2014 14 7 1 185 0.93 [0.68, 1.00]
Bravo 2009 41 0 24 37 0.63 [0.50, 0.75]
Catanzaro 2015 822 2 41 a2 0.95 [0.94, 0.97]
Engstr&#246;m 2012 258 0 15 16 0.95 [0.91, 0.97]
Gearghiou 2016 234 2 33 34 0.88 [0.83, 0.91]
Lin 2014 188 0 27 30 0.87 [0.82, 0.92]
FQ

Study TP FP FN

Ajbani 2014 87 0 7 93 0.93 [0.85, 0.97]
Bravo 2009 50 0 21 31 0.70 [0.58, 0.81]
Catanzaro 2015 802 0 51 54 0.94 [0.92, 0.96]
Engstr&#246;m 2012 186 0 28 32 0.87 [0.82, 0.91]
Georghiou 2016 212 1 42 50 0.83 [0.78, 0.88]
Govindaswarmy 2018 4z o0 4 a 0.91 [0.79, 0.98]
Lin 2014 95 0 14 16 0.87 [0.79, 0.93]
RIF

Study TP FP FN TN Sensitivity (95% CI)
Ajbani 2014 167 0 7 7 0.96 [0.92, 0.98]
Bravo 2009 96 0 3 3 0.97 [0.91, 0.99]
Catanzaro 2015 798 1 53 55 0.94 [0.92, 0.95]
Engstr&#246;m 2012 251 0 14 15 0.95 [0.91, 0.97]
Gearghiou 2016 246 0 28 31 0.90 [0.86, 0.93]
Govindaswarmy 2018 3 0 2 3 0.95 [0.82, 0.99]
Lin 2014 220 0 8 @9 0.96 [0.93, 0.98]
AMK

Study TP FP  FN TN Sensitivity (95% CI)
Ajbani 2014 132 0 25 30 0.84 [0.77, 0.89]
Catanzaro 2015 632 1 125 149 0.83 [0.81, 0.86]
Engstr&#246;m 2012 161 0 35 43 0.82 [0.76, 0.87]
Georghiou 2016 163 1 B0 81 0.73 [0.67, 0.79]
Lin 2014 120 1 o 119 1.00 [0.97, 1.00]
cap

Study TP FP FN TN Sensitivity (95% CI)
Ajbani 2014 145 1 z0 21 0.88 [0.82, 0.92]
Catanzaro 2015 643 1 121 1a2 0.84 [0.81, 0.87]
Engstr&#246;m 2012 140 1 36 44 0.80 [0.73, 0.85]
Georghiou 2016 163 1 B0 81 0.73 [0.67, 0.79]
Govindaswarmy 2018 9 2z 12 28 0.43[0.22, 0.66]
Lin 2014 119 0 o 0 1.00 [0.97, 1.00]
KAN

Study TP FP  FN TN Sensitivity (95% CI)
Ajbani 2014 86 0 41 60 0.68 [0.59, 0.76]
Catanzaro 2015 230 5 227 446 0.50 [0.46, 0.55]
Engstr&#246;m 2012 153 1 31 36 0.84 [0.78, 0.89]
Georghiou 2016 163 3 B0 79 0.73 [0.67, 0.79]
Govindaswarmy 2018 13 1 13 25 0.50 [0.30, 0.70]
Lin 2014 a0 0 7 8 0.85 [0.72, 0.94]

TN Sensitivity (95% CI) Specificity (95% CI)

TN Sensitivity (95% CI) Specificity (95% CI)

SAagaaaa

Specificity (95% CI)

SAaaagaa

Specificity (95% CI)

Specificity (95% CI)

Specificity (95% CI)
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Fig. 4. Sensitivity and specificity of PSQ for each TB-drug included in the studies.

sequencing, it is possible to run 96 samples in 1-2 h after PCR amplifi-
cation and can analyze 96 single nucleotide polymorphisms in 10 min
[17,35,36]. PSQ can therefore be used as a high-throughput and rapid
assay for M/XDR-TB detection.

All the included studies reported PSQ as a rapid and accurate method
for detecting MTB resistance to INH, RIF, and FQ and SLIs. One study
reported low sensitivity of SLIs (KAN and CAP), unlike the other studies.
This could be for a reason that PSQ did not detect “eis” mutations. Next-
generation PSQ assays have now included “eis” mutations that improved
their capacity to confer phenotypic KAN resistance [29].

This review had some limitations. Despite searching several sources,
some eligible studies may not have been identified and relatively small
numbers of eligible studies were included, hampering the subgroup
analysis and meta-regression methods. Furthermore, the study does not
address some major first-choice drugs included in the updated WHO
recommendations for the treatment of MDRTB, including drug suscep-
tibility testing of bedaquiline, clofazimine, linezolid, delamanid and
pretomanid. Another limitation is it does not address some of the vari-
ations in techniques used under the umbrella of pyrosequencing; over
the last decades, the technique has made several improvements that
potentially impact the results.

On contrary, this review has several strengths. It included studies
assessing the diagnostic accuracy of PSQ for both first-line and second-
line anti-TB drugs, including second-line injectable drugs. The results
were based on strict and careful literature searches, study inclusion, and
data extraction. The work strictly followed internationally recognized

guidelines and procedures.

5. Conclusions

According to the pooled data, PSQ is highly sensitive and specific for
detecting M/XDR-TB, both from clinical specimens and culture isolates,
and within a shorter turnaround time. We suggest a continued synthesis
of the evidence on the cost-effectiveness and technical feasibilities of
PSQ in low-income countries context, including sub-Saharan Africa.
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