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Tuberculosis (TB) is an emerging public health problem worldwide, 
and especially in Africa.[1,2] Treating and preventing TB have long 
been two key missions of modern medicine and public health. TB, 
which accounts for approximately 1.5 million deaths annually,[3] 
creates not only a medical burden worldwide but also a financial 
burden, with a medical cost of USD616 billion between 2010 
and 2015.[4] Unlike the polio pandemic, which was eradicated in 
2018, TB is still a pandemic worldwide, despite efforts to develop 
antibiotics. Multidrug-resistant TB (MDR-TB) plays an important 
role in the ineffectiveness of many antibiotics. Many studies have 
shown that MDR-TB and rifampicin mono-resistant TB (RFM-TB) 
worsened the treatment outcomes of TB.[5] Another factor that 
affects the treatment outcomes of MDR-TB is HIV co-infection.[6,7] 
With the development of cross-country transportation, the spread 
of MDR-TB is predictable. Since 2010, various mutations accounting 
for drug resistance have been identified in research from Africa, 

and there is a need to study the distribution of these mutations 
throughout the continent to evaluate the spread of TB mutations, 
and to estimate the TB burden in the future.

Methods
The keywords ‘Africa’ and ‘multidrug-resistant Mycobacterium 
tuberculosis’ and ‘mutations’ were applied to identify all related 
articles on the PubMed database. Information from 113 free full-text 
articles published in English between 2010 and 2020 was reviewed 
to identify gene mutations in MDR-TB. The gene mutations 
discussed in the present study were obtained by DNA sequencing 
or polymerase chain reaction (PCR). The frequency and territory of 
each mutation were extracted for statistical analysis. Since the aim 
of this research was to track the distribution of specific mutations 
throughout Africa from 2010 to 2020 according to statistical 
data, the main focus was on gene mutations reported in specific 
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countries from 2010 to 2020. Articles that did not report on gene 
mutations were excluded. Studies conducted outside Africa are not 
included in the statistical data. During the study process, articles 
from outside the PubMed database were also reviewed. The data-
collecting process is briefly summarised in Fig. 1. 

Results
There were 22 gene mutations reported from 25 countries 
throughout Africa (Table 1). Mutation of gene rpoB ranked the 
highest (f = 20.48%), being reported in 17 (68%) countries. Mutations 
of genes katG, gyrA and inhA, respectively ranked in the subsequent 
positions according to report frequency. In the period 2010 - 2020 
in Africa, mutations of the genes rpoB, katG, gyrA and inhA played 
dominant roles in drug-resistant strains of TB. Although mutations 
in rpoB and katG have been reported to play important roles in 
rifampicin and isoniazid resistance, respectively, there is evidence 
for specific TB strains that possess mutations in both rpoB and 
katG.[8-13] We also found studies showing that a gyrA mutation is 
able to cause fluoroquinolone resistance,[13-17] and an inhA mutation 
is also known to be related to bedaquiline resistance.[18,19] Because 
these antibiotic-resistant mutations are reported in all regions of 
Africa, one should be cautious treating TB in Africa using rifampicin, 
isoniazid, fluoroquinolone and bedaquiline in 2020.

Gene mutations in TB have been reported across a vast area of 
Africa. The data obtained also show evidence for the appearance 

of mutation genotypes throughout Africa. Among the 25 countries 
mentioned in this study, there are 4 countries from north Africa 
(Tunisia, Sudan, Morocco and Egypt), 9 countries from east Africa 
(Zimbabwe, Zambia, Uganda, Tanzania, Somalia, Ethiopia, Rwanda, 
Mozambique and Kenya), 4 countries from central Africa (Gabon, 
Congo, Cameroon and Angola), 3 countries from southern Africa 
(Botswana, eSwatini and South Africa (SA)), 5 countries from west 
Africa (Nigeria, Liberia, Guinea, Guinea-Bissau and Ghana). The east 
Africa group has the highest number of countries reporting gene 
mutations, while SA is dominant in terms of the diversity of gene 
mutations (Fig. 2).

Identi�cation
Articles identi�ed from the 
PubMed database (n=113)

Reasons for exclusion: 
• Multinational research 
 articles including nations 
 outside Africa
• Do not mention any 
 speci�c gene mutations 
 in African communities
• Mainly concentrate on 
 laboratory methods to 
 identify gene mutations 
• Evaluate the e�ectiveness 
 of methods used to 
 diagnose MDR-TB
• Mainly concentrate on 
 treating MDR-TB

Screening and eligibility
Screened articles (n=113)
Excluded articles (n=41)

Accessible free full text for eligibility (n=72)

Inclusion
Studied for inclusion in review (n=72)

Fig. 1. Inclusion criteria.

Table 1. Frequency of specific gene mutations reported from 2010 to 2020 in Africa
Mutated gene Country reported Countries, n Frequency (f), %
rpoB Ethiopia, Zimbabwe, Kenya, Mozambique, Uganda, Rwanda, Tanzania, SA, Cameroon, 

Morocco, Guinea-Bissau, Sudan, Congo, Ghana, eSwatini, Angola, Gabon 
17 20.48

katG Zimbabwe, Kenya, Mozambique, Sudan, SA, Tanzania, Ethiopia, Cameroon, Morocco, 
Uganda, Congo, Guinea, Angola

13 15.66

gyrA Mozambique, Morocco, Nigeria, SA, eSwatini, Somalia, Uganda, Botswana, Congo, 
Ghana, Tunisia

11 13.25

inhA Sudan, SA, Ethiopia, Cameroon, Uganda, Angola 6 7.23
rrs Kenya, Tanzania, SA, Botswana, Ghana 5 6.02
pncA Tanzania, Tunisia, SA, Egypt, Zambia 5 6.02
gyrB Tanzania, eSwatini, Somalia, Uganda, Congo 5 6.02
embB SA, Tanzania, Ethiopia, Liberia 4 4.82
rpsL Tanzania, SA, Congo 3 3.61
rpoC SA, Uganda 2 2.41
sigA SA 1 1.2
grcC1 SA 1 1.2
ubiA SA 1 1.2
oxyR-ahpC Tanzania 1 1.2
embC-embA Tanzania 1 1.2
ethA/etaA Uganda 1 1.2
GidB SA 1 1.2
Eis SA 1 1.2
tlyA SA 1 1.2
ethA Liberia 1 1.2
Gid Liberia 1 1.2
mmpL3 SA 1 1.2
Total 83 100

SA = South Africa.
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In the east African group, a study in 
Ethiopia revealed that, among infectious 
diseases, TB is ranked as the number-one 
killer among females (Table 2).[20,21] 

Another study from Tanzania showed 
that the prevalence of smear-positive TB 
among women with a cough attending 
hospital was as high as 3.8%.[23] There is 

also a study reporting that Zimbabwe has 
among the highest estimated TB incidence 
per capita (603/100 000 population) in the 
world.[24]

Africa has always had a high burden of 
TB (Fig. 3).[25-27] In the case of SA, the country 
ranks among those with the highest MDR-TB 
burdens in the world, and the percentage 

of MDR-TB cases increased from 18.8% in 
2011 to 23.9% in 2014.[28] Because almost all 
regions of Africa have now reported these 
gene mutations, screening TB patients 
using PCR or DNA sequencing has become 
necessary to choose the appropriate 
treatment, especially for MDR-TB patients. 

Limitations
The database is limited as only 72 articles 
that were published from 2010 to 2020 
were chosen, which is a short period for 
evaluating the TB situation. Information 
bias occurred because data from other 
countries were not reviewed. Secondly, 
using a limited number of countries to 
represent the whole African continent 
may result in bias. In the case of SA, for 
instance, its status as the country with 
the highest number of gene mutations in 
Africa is probably a result of the fact that 
the greatest amount of research has been 
conducted there. 

Discussion
Various TB phenomena exist in different 
countries throughout Africa. Our study 
provides evidence that during the period 
2010 - 2020, in Africa, mutations of the 
genes rpoB, katG, gyrA and inhA were the 
most common. Many other studies have 
shown that mutations in these genes are 
the main reason for the appearance of 
resistance to many antibiotics, including 
rifampicin, isoniazid, fluoroquinolone, 
bedaquiline and others.[11,13,14,29-34]

The distribution of gene mutations 
should also be noted. Table 1 shows that the 
most common gene mutations (mutations 
of rpoB, katG, gyrA and inhA) are reported in 
almost all regions of Africa, which provides 

Table 2. Cause-specific mortality rate (per 1 000 person-years) among females in Kilite-Awlaelo health and demographic 
surveillance system, northern Ethiopia, 2010 - 2012[22,23]

Verbal autopsy (VA) diseases VA code
             Total (105 793.9 person-years)

Rankn (N=398) Rate
Infectious and parasitic disease 01 148 1.40 -
Tuberculosis 01.03 61 0.58 1
Acute lower respiratory infection 01.13 20 0.19 2
Intestinal infectious disease 01.01 17 0.16 3
Infectious disease, unspecified cause 01.99 16 0.15 4
Meningitis 01.11 14 0.13 5
HIV/AIDS 01.09 10 0.09 6
Malaria 01.10 8 0.08 7
Viral hepatitis 01.08 2 0.02 8
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Fig. 2. Reported multidrug-resistant tuberculosis gene mutations in Africa, 2010 - 2020, by country.
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evidence for the wide spread of rifampicin- and isoniazid-resistant 
TB throughout the entire continent. Our research also helps to 
clarify the spread of MDR-TB in Africa during the period 2010 - 2020. 
The research also shows the diversity of TB gene mutations in SA. 
According to the data we obtained, SA (16/22, 72.72%) and Tanzania 
(9/22, 40.1%) dominated in the number of TB gene mutations 
identified from 2010 to 2020. There were many mutations identified 
in SA that have not been reported in other countries in Africa. The 
high number of TB gene mutations in SA and Tanzania should be 
studied further. 

Unlike the case of SA, the high number of TB gene mutations 
in Tanzania may be partly explained by reviewing antibiotic 
consumption in the country. According to the World Health 
Organization report on antibiotics consumption, 2016 - 2018, the 
defined daily dose per 1 000 inhabitants per day in Tanzania was 
27.29, one of the highest antibiotic consumption rankings among 
countries that took part in the survey (ranked below Mongolia, 
Iran, Sudan and the Republic of Korea).[35] However, this explanation 
does not extend to the case of Sudan, where although the defined 
daily dose per 1 000 inhabitants per day was 35.29, only three types 
of gene mutation were identified in our study. 

Another factor to which more attention should be paid is HIV 
co-infection. Africa is a region with a high prevalence of HIV, and the 
percentage of TB patients with HIV is also high compared with the 
TB mono-infection percentage (Table 3). 

There is much research showing the relationship between 
HIV co-infection and the spread of MDR-TB. Because HIV 
co-infection affects the treatment out comes of MDR-TB,[6,7,27] the 
only confirmed risk factors for MDR-TB are prior treatment for TB 
and refugee status.[36]

Conclusion
From 2010 to 2020, various mutations in the TB genome were 
recognised and confirmed across extensive areas of the African 
continent. In addition to well-known mutations that have been 
carefully studied for a long period, such as rpoB, katG, gyrA, etc., 
novel mutations with uncleared pathogenesis were also reported 
with smaller frequencies. Gene mutation or genotype modification 
play a key role in changing the phenotype of TB strains, and 
may strengthen the survivability of this bacteria in an antibiotic-
containing environment. The confirmation of mutations, including 
novel mutations, raises awareness of the possibility of new 
antibiotic-resistant TB. From 2010 to 2020, east Africa was dominant 
in terms of the number of countries that reported mutations, while 
SA was significant for the diversity of confirmed mutated genes. 

Acknowledgements. The authors would like to thank Pham Duong Uyen 

Binh, PhD candidate, University of Medicine and Pharmacy, Ho Chi Minh 

city, Vietnam, for advice on the design of the manuscript. 

Author contributions. BHN: designed, collected and analysed data, drafted 

the manuscript; KN, KS, MU, RK, TY, YN: analysed data, drafted the manu-

script; TM: reviewed the manuscript.

Funding. None.

Conflicts of interest. None.

1. Kigozi NG, Heuwnis JC, Engelbrecht MC. Yield of systematic household contact investigation 
for tuberculosis in a high-burden metropolitan district of South Africa. BMC Public Health 
2019;19(1). https://doi.org/10.1186/s12889-019-7194-2

2. Mohammed H, Oljira L, Roba KT, et al. Burden of tuberculosis and challenges related to 
screening and diagnosis in Ethiopia. J Clinl Tubercul Other Mycobacterial Dis 2020;19. 
https://doi.org/10.1016/j.jctube.2020.100158

3. Raviglione M, Sulis G. Tuberculosis 2015: Burden, challenges and strategy for control and 
elimination. Infect Dis Rep 2016;8(2):33–37. https://doi.org/10.4081/idr.2016.6570

4. Burki TK. The global cost of tuberculosis. Lancet Respir med 2018;6(1):13. https://doi.
org/10.1016/S2213-2600(17)30468-X

5. Chisompola NK, Streicher EM, Muchemwa CMK, Warren RM, Sampson SL. Molecular 
epidemiology of drug resistant Mycobacterium tuberculosis in Africa: A systematic review. 
BMC Infect Dis 2020;20(1):344. https://doi.org/10.1186/s12879-020-05031-5

6. Matambo R, Takarinda KC, Thekkur P, et al. Treatment outcomes of multi drug resistant 
and rifampicin resistant tuberculosis in Zimbabwe: A cohort analysis of patients 
initiated on treatment during 2010 to 2015. PLoS One 2020;15(4):e0230848. https://doi.
org/10.1371%2Fjournal.pone.0230848

Table 3. Collaborative TB/HIV activities in 30 countries with high TB/HIV burden[26-28]

Year WHO region
Total estimated TB 
cases, n

Estimated HIV-positive 
incident TB cases, n

Notified TB patients with known 
HIV status, n (%)

2016 Africa 1 303 483 764 000 1 062 438 (82)
Global 6 624 523 1 030 000 3 595 018 (57)

2017 Africa 1 323 450 663 000 1 106 521 (86)
Global 6 708 123 920 000 3 755 671 (60)

2018 Africa 1 402 743 615 000 1 175 391 (87)
Global 7 253 116 862 000 4 4337 402 (64)

TB = tuberculosis; WHO = World Health Organization.

South-east Asia Africa Western Paci�c

3 500 000

3 000 000

2 500 000

2 000 000

1 500 000

1 000 000

500 000

0
2016 2017

Year

2018

Fig. 3. Tuberculosis (TB) case numbers in Africa, south-east Asia and western 

Pacific (World Health Organization regions with the highest TB burdens), 

2016 - 2018.[26-28] 

https://doi.org/10.1186/s12889-019-7194-2
https://doi.org/10.1016/j.jctube.2020.100158
https://doi.org/10.4081/idr.2016.6570
https://doi.org/10.1016/S2213-2600(17)30468-X
https://doi.org/10.1016/S2213-2600(17)30468-X
https://doi.org/10.1186/s12879-020-05031-5
https://doi.org/10.1371%2Fjournal.pone.0230848
https://doi.org/10.1371%2Fjournal.pone.0230848


64    March 2022          SOUTHERN AFRICAN JOURNAL OF PUBLIC HEALTH

ARTICLE

7. Chem ED, Claire M, Hout V, Hope V. Treatment outcomes and antiretroviral uptake in 
multidrug-resistant tuberculosis and HIV co-infected patients in sub-Saharan Africa: 
A systematic review and meta-analysis. BMC Infect Dis 2019;19:723. https://doi.
org/10.1186/s12879-019-4317-4

8. Takawira FT, Mandishora RSD, Dhlamini Z, Munemo E, Stray-Pedersen B. Mutations in rpoB 
and katG genes of multidrug resistant Mycobacterium tuberculosis undetectable using 
genotyping diagnostic methods. Pan African Med J 2022;41:27. https://doi.org/10.11604/
pamj.2017.27.145.10883

9. Salvato RS, Schiefelbein S, Barcellos RB, et al. Molecular characterisation of multidrug-
resistant Mycobacterium tuberculosis isolates from a high-burden tuberculosis state in 
Brazil. Epidemiol Infect 2019;147:e216. https://doi.org/10.1017/S0950268819001006

10. Asante-Poku A, Otchere ID, Danso E, et al. Evaluation of GenoTypeW MTBDRplus for 
the rapid detection of drug-resistant tuberculosis in Ghana. Int J Tubercul Lung Dis 
2015;19(8):954-959. https://doi.org/10.5588/ijtld.14.0864

11. Maningi NE, Daum LT, Rodriguez JD, et al. Multi- and extensively drug resistant 
Mycobacterium tuberculosis in South Africa: A molecular analysis of historical isolates. J Clin 
Microbiol 2018;56(5). https://doi.org/10.1128/JCM.01214-17

12. Dookie N, Sturm AW, Moodley P. Mechanisms of first-line antimicrobial resistance in multi-
drug and extensively drug resistant strains of Mycobacterium tuberculosis in KwaZulu-Natal, 
South Africa. BMC Infect Dis 2016;16(1):609. https://doi.org/10.1186/s12879-016-1906-3

13. Mpagama SG, Houpt ER, Stroup S, et al. Application of quantitative second-line drug 
susceptibility testing at a multidrug-resistant tuberculosis hospital in Tanzania. BMC Infect 
Dis 2013;13(1):432. https://doi.org/10.1186/1471-2334-13-432

14. Rodwell TC, Valafar F, Douglas J, et al. Predicting extensively drug-resistant Mycobacterium 
tuberculosis phenotypes with genetic mutations. J Clin Microbiol 2014;52(3):781-789. 
https://doi.org/10.1128/JCM.02701-13

15. Farhat MR, Jacobson KR, Franke MF, et al. Gyrase mutations are associated with variable 
levels of fluoroquinolone resistance in Mycobacterium tuberculosis. J Clin Microbiol 
2016;54(3):727-733. https://doi.org/10.1128/JCM.02775-15

16. Sirgel FA, Warren RM, Streicher EM, Victor TC, van Helden PD, Böttger EC. gyrA mutations 
and phenotypic susceptibility levels to ofloxacin and moxifloxacin in clinical isolates of 
Mycobacterium tuberculosis. J Antimicrob Chemother 2012;67(5):1088-1093. https://doi.
org/10.1093/jac/dks033

17. Kateete DP, Kamulegeya R, Kigozi E, et al. Frequency and patterns of second-line resistance 
conferring mutations among MDR-TB isolates resistant to a second-line drug from 
eSwatini, Somalia and Uganda (2014-2016). BMC Pulm Med 2019;19(1):124. https://doi.
org/10.1186/s12890-019-0891-x

18. Parida SK, Axelsson-Robertson R, Rao MV, et al. Totally drug-resistant tuberculosis and 
adjunct therapies. J Intern Med 2015;277(4):388-405. https://doi.org/10.1111/joim.12264

19. Pitso L, Potgieter S, van der Spoel van Dijk A. Prevalence of isoniazid resistance-conferring 
mutations associated with multidrug-resistant tuberculosis in Free State Province, South 
Africa. S Afr Med J 2019;109(9):659-664. https://doi.org/10.7196/SAMJ.2019.v109i9.13730

20. Suryavanshi N, Murrill M, Gupta A, et al. Willingness to take multidrug-resistant tuberculosis 
(MDR-TB) preventive therapy among adult and adolescent household contacts of MDR-TB 
index cases: An international multisite cross-sectional study. Clin Infect Dis 2020;70(3):436-
445. https://doi.org/10.1093/cid/ciz254

21. Melaku YA, Weldearegawi B, Aregay A, et al. Causes of death among females-investigating 
beyond maternal causes: A community-based longitudinal study. BMC Res Notes 
2014;10(7):629. https://doi.org/10.1186/1756-0500-7-629

22. Suryavanshi N, Murrill M, Gupta A, et al. Willingness to take multidrug-resistant tuberculosis 
(MDR-TB) preventive therapy among adult and adolescent household contacts of MDR-TB 
index cases: An international multisite cross-sectional study. Clin Infect Dis 2020;70(3):436-
445. https://doi.org/10.1093/cid/ciz254

23. Ngadaya ES, Mfinanga GS, Wandwalo ER, Morkve O. Pulmonary tuberculosis among 
women with cough attending clinics for family planning and maternal and child health 
in Dar Es Salaam, Tanzania. BMC Public Health 2009;9:278. https://doi.org/10.1186/1471-
2458-9-278

24. Metcalfe JZ, Makumbirofa S, Makamure B, et al. Drug-resistant tuberculosis in high-
risk groups, Zimbabwe. Emerg Infect Dis 2014;20(1):135-137. https://doi.org/10.3201/
eid2001.130732

25. World Health Organization. Global Tuberculosis Report 2017. Geneva: WHO, 2017.
26. World Health Organization. Global Tuberculosis Report 2018. Geneva: WHO, 2018.
27. World Health Organization. Global Tuberculosis Report 2019. Geneva: WHO, 2019.
28. Mvelase NR, Balakrishna Y, Lutchminarain K, Mlisana K. Evolving rifampicin and isoniazid 

mono-resistance in a high multidrug-resistant and extensively drug-resistant tuberculosis 
region: A retrospective data analysis. BMJ Open 2019;9(11). https://doi.org/10.1136/
bmjopen-2019-031663

29. Ajbani K, Lin SYG, Rodrigues C, et al. Evaluation of pyrosequencing for detecting 
extensively drug-resistant Mycobacterium tuberculosis among clinical isolates from four 
high-burden countries. Antimicrob Agents Chemother 2015;59(1):414-420. https://doi.
org/10.1128/AAC.03614-14

30. Ogari CO, Nyamache AK, Nonoh J, Amukoye E. Prevalence and detection of drug resistant 
mutations in Mycobacterium tuberculosis among drug naive patients in Nairobi, Kenya. 
BMC Infect Dis 2019;19(1):279. https://doi.org/10.1186/s12879-019-3911-9

31. Rowneki M, Aronson N, Du P, et al. Detection of drug resistant Mycobacterium tuberculosis 
by high-throughput sequencing of DNA isolated from acid fast bacilli smears. PLoS One 
2020;15(5):e0232343. https://doi.org/10.1371/journal.pone.0232343

32. Havlicek J, Dachsel B, Slickers P, et al. Rapid microarray-based detection of rifampin, 
isoniazid, and fluoroquinolone resistance in Mycobacterium tuberculosis by use of a single 
cartridge. J Clin Microbiol 2018;56(2). https://doi.org/10.1128/JCM.01249-17

33. Oudghiri A, Karimi H, Chetioui F, et al. Molecular characterisation of mutations associated 
with resistance to second-line tuberculosis drug among multidrug-resistant tuberculosis 
patients from high prevalence tuberculosis city in Morocco. BMC Infect Dis 2018;18(1):98. 
https://doi.org/10.1186/s12879-018-3009-9

34. Tessema B, Nabeta P, Valli E, et al. FIND tuberculosis strain bank: A resource for researchers 
and developers working on tests to detect Mycobacterium tuberculosis and related drug 
resistance. J Clin Microbiol 2017;55(4):1066-1073. https://doi.org/10.1128/JCM.01662-16

35. World Health Organization. WHO report on surveillance of antibiotic consumption. 
https://www.who.int/publications/i/item/who-report-on-surveillance-of-antibiotic-
consumption (accessed 30 May 2021).

36. Kidenya BR, Webster LE, Behan S, et al. Epidemiology and genetic diversity of multidrug-
resistant tuberculosis in East Africa. Tuberculosis 2014;94(1):1-7. https://doi.org/10.1016/j.
tube.2013.08.009

Accepted 30 January 2022.

https://doi.org/10.1186/s12879-019-4317-4
https://doi.org/10.1186/s12879-019-4317-4
https://doi.org/10.11604/pamj.2017.27.145.10883
https://doi.org/10.11604/pamj.2017.27.145.10883
https://doi.org/10.1017/S0950268819001006
https://doi.org/10.5588/ijtld.14.0864
https://doi.org/10.1128/JCM.01214-17
https://doi.org/10.1186/s12879-016-1906-3
https://doi.org/10.1186/1471-2334-13-432
https://doi.org/10.1128/JCM.02701-13
https://doi.org/10.1128/JCM.02775-15
https://doi.org/10.1093/jac/dks033
https://doi.org/10.1093/jac/dks033
https://doi.org/10.1186/s12890-019-0891-x
https://doi.org/10.1186/s12890-019-0891-x
https://doi.org/10.1111/joim.12264
https://doi.org/10.7196/SAMJ.2019.v109i9.13730
https://doi.org/10.1093/cid/ciz254
https://doi.org/10.1186/1756-0500-7-629
https://doi.org/10.1093/cid/ciz254
https://doi.org/10.1186/1471-2458-9-278
https://doi.org/10.1186/1471-2458-9-278
https://doi.org/10.3201/eid2001.130732
https://doi.org/10.3201/eid2001.130732
https://doi.org/10.1136/bmjopen-2019-031663
https://doi.org/10.1136/bmjopen-2019-031663
https://doi.org/10.1128/AAC.03614-14
https://doi.org/10.1128/AAC.03614-14
https://doi.org/10.1186/s12879-019-3911-9
https://doi.org/10.1371/journal.pone.0232343
https://doi.org/10.1128/JCM.01249-17
https://doi.org/10.1186/s12879-018-3009-9
https://doi.org/10.1128/JCM.01662-16
https://www.who.int/publications/i/item/who-report-on-surveillance-of-antibiotic-consumption
https://www.who.int/publications/i/item/who-report-on-surveillance-of-antibiotic-consumption
https://doi.org/10.1016/j.tube.2013.08.009
https://doi.org/10.1016/j.tube.2013.08.009

