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Abstract

Background

Early diagnosis and treatment are one of the key strategies of tuberculosis control globally,
and there are strong efforts in detecting and treating tuberculosis cases in Ethiopia. Smear
microscopy examination has been a routine diagnostic test for pulmonary tuberculosis diag-
nosis in resource-constrained settings for decades. Recently, many countries, including
Ethiopia, are scaling up the use of Gene Xpert without the evaluation of the cost and cost-
effectiveness implications of this strategy. Therefore, this study evaluated the cost and cost-
effectiveness of Gene Xpert (MTB/RIF) and smear microscopy tests to diagnosis tuberculo-
sis patients in Ethiopia.

Methods

We compared the costs and cost-effectiveness of tuberculosis diagnosis using smear
microscopy and Gene Xpert among 1332 patients per intervention in the Arsi zone. We
applied combinations of top-down and bottom-up costing approaches. The costs were esti-
mated from the health providers’ perspective within one year (2017-2018). We employed
“cases detected” as an effectiveness measure, and the incremental cost-effectiveness ratio
was calculated by dividing the changes in cost and change in effectiveness. All costs and
incremental cost-effectiveness ratio were reported in 2018 US$.

Results

The unit cost per test for Gene Xpert was $12.9 whereas it is $3.1 for AFB smear micros-
copy testing. The cost per TB case detected was $77.9 for Gene Xpert while it was $55.8 for
the smear microscopy method. The cartridge kit cost accounted for 42% of the overall Gene
Xpert's costs and the cost of the reagents and consumables accounted for 41.3% ($1.3) of
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the unit cost for the smear microscopy method. The ICER for the Gene Xpert strategy was
$20.0 per tuberculosis case detected.

Conclusion

Using Gene Xpert as a routine test instead of standard care (smear microscopy) can be
potentially cost-effective. In the cost scenario analysis, the price of the cartridge, the number
of tests performed per day, and the life span of the capital equipment were the drivers of the
unit cost of the Gene Xpert method. Therefore, Gene Xpert can be a part of the routine TB
diagnostic testing strategy in Ethiopia.

Introduction

Tuberculosis (TB) remains a considerable public health threat in Africa [1]. It is also the lead-
ing cause of mortality in Ethiopia with a TB incidence of 163 cases per 100,000 population
reported in 2016. In 2015, the prevalence of multiple drug-resistant TB (MDR-TB) reached
2.7% in new TB cases and 14.0% in retreated TB cases in Ethiopia [2,3].

Early case detection and treatment of TB cases were among the key strategies of the
National TB and Leprosy Control Program (NTLCP). Thus, an advanced diagnostic tool is
required to detect and treat TB in Ethiopia [4]. In Ethiopia, smear microscopy was a routine
TB diagnostic tool for decades [5]. It has low sensitivity, doesn’t enable the detection of
MDR-TB, and has little value in extrapulmonary TB and children [6,7]. Therefore, the detec-
tion of MDR-TB strains requires the introduction of more sensitive and highly advanced diag-
nostic tools. Gene Xpert is one of these advanced technologies and has the potential for rapid
diagnosis of TB and MDR-TB [8,9]. In 2010, the World Health Organization (WHO) endorsed
this rapid and advanced molecular tool for the diagnosis of tuberculosis [10]. According to the
recent systematic review, Gene Xpert has 85% pooled sensitivity and 98% pooled specificity in
TB case detection whereas it has 96% pooled sensitivity and 98% pooled specificity in Rifampi-
cin resistance detection [11]. Furthermore, Gene Xpert has certain benefits over the routine
Acid-fast bacilli (AFB) smear examination method. It has low human resource requirements
and it doesn’t need biosafety during diagnosis [12]. This has generated a new hope in popula-
tions with high burdens of TB such as Ethiopia [13].

However, the scale-up of Gene Xpert as a routine diagnostic test in the health care delivery
system has substantial economic implications. A previous study shows that using Gene Xpert
for diagnosis of TB in routine services among suspected patients increases the health system
testing costs compared with using smear microscopy [14]. Recently, in Ethiopia, Gene Xpert
was used for routine TB diagnosis without evaluating the cost and cost-effectiveness implica-
tions of the method [15]. Therefore, this study aimed to evaluate the cost and cost-effectiveness
of Gene Xpert (MTB/RIF) and smear microscopy tests to diagnose TB in Ethiopia.

Methods
Study setting

A cost and cost-effectiveness analysis of TB diagnostic strategies was conducted among 1332
patients per intervention in public health facilities in the Arsi zone. The zone comprises 28
Woreda and two town administrations. It also consists of 7 hospitals and 104 health centers.
The current Ethiopian health tier system classified health facilities as a primary, secondary,
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and tertiary healthcare systems. In this study, one tertiary level healthcare (i.e. Regional referral
hospital), one secondary level healthcare (i.e. General hospital), and six primary healthcare
facilities (three hospitals and three health centers) were included. Among these facilities, one
referral and general hospital perform TB testing using the Gene Xpert technique whereas the
three hospitals and health centers use the AFB smear microscopy method. In the hospitals and
health centers, the laboratory operates under NTLCP of Ethiopia.

Study design and description of interventions

This study compared the cost and cost/effectiveness of two TB diagnostic methods: Gene
Xpert MTB/RIF assay and smear microscopy method. A single spot sputum specimen was
tested for all suspected TB cases in the Gene Xpert methods (MTB/RIF assay). A fresh sputum
sample was taken from the patients presented with signs and symptoms of pulmonary TB
based on WHO TB and Ethiopia NTLCP screening criteria [10,16]. The sputum sample was
combined with the reagent in a 2:1 ratio for sputum liquefaction and inactivation. Then, it was
incubated at room temperature for 15-20 minutes. After incubation, a total of 2 ml of the mix-
ture was introduced into the Gene Xpert cartridge and loaded into the Gene Xpert instrument
for analysis. The instrument generates a test report automatically within 2 hours. In the smear
microscopy method, two spot-spot sputum samples (i.e. a first spot sputum sample at the first
arrival of patients to laboratory and another one spot sample after 30 minute) were collected
from all suspected TB patients and examined for acid-fast bacilli using Ziehl-Nielsen or fluo-
rescent staining technique [13,17].

Data collection

The cost estimation was based on service data collected from three health centers and five hos-
pitals in the Arsi Zone. This costing was conducted from the health providers’ perspective,
with all costs to the health system for diagnosing TB among suspected individuals with smear
microscopy and the Gene Xpert technique were included. Various cost components, such as
building space, equipment, consumables, overhead, and human resources (HR), were
included. Additionally, weekly quality control, external quality control, and annual calibration
costs for Gene Xpert were included. However, the maintenance cost for both methods was not
included due to a lack of data.

The cost data were collected from hospital procurement invoices, expert interviews, manag-
ers’ opinions, and other administrative reports available in the health facilities. The person-
time elapsed per test was estimated based on observation and consultation with laboratory
technicians. The cost-of-training data were obtained from Oromia Public Health Research
Capacity Building & Quality Assurance Laboratory. The annual calibration cost was obtained
from the Stop TB Partnership source [18]. The cost types and quantity of each resource used
in each diagnostic technique were recorded using a Microsoft Excel 2010 spreadsheet. The
data collection tools were developed by modifying the WHO guidelines for the cost and cost-
effectiveness analysis of TB control. After the pretest was conducted, necessary corrections
were made to the data collection tools.

Data analysis

The cost estimation was conducted with a one-year time frame (2017-2018) using an ingredi-
ents-based and top-down approach. In ingredient-based approach, all inputs required to per-
form diagnostic testing was identified, quantified and multiplied with their prices to arrive at a
unit cost per patient tested. Moreover, in top-down method, we divided the gross cost data
expenditure on building, overhead, reagents and equipment allocated specifically to each
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diagnostic method by the numbers of tests conducted. We valued personnel cost based on an
estimated proportion of working time spent on TB diagnosis by each method. The smear
microscopy diagnostic procedure took 35 minutes per test, and the Gene Xpert method took
25 minutes per test. The number of training days for conducting tests by AFB smear micros-
copy and Gene Xpert was assumed to be five days for smear microscopy and three days for
Gene Xpert technique. The cost of reagents and consumables for smear microscopy was calcu-
lated using the gross cost of each reagent over the number of patients tested with that amount.
Moreover, the cost of the Xpert cartridge kit was obtained from a published source [19].

The cost of equipment for each diagnostic method was obtained by dividing the equip-
ment’s annualized cost by the number of tests performed. The useful life of microscopy was
assumed to be 10 years, running five tests per day. A Gene Xpert machine was assumed to be
operating four simultaneous tests and running for eight hours per day. The instrument was
assumed to have a useful life of 10 years and to process, on average, eight sputum samples per
day. For buildings, an expected lifetime of 30 years was used. Laboratory space cost was allo-
cated based on the proportional size required for conducting TB diagnosis.

The cost of quality control for smear microscopy was estimated by identifying all the
resources needed to perform the quality control procedure based on WHO Stop TB guidelines.
The cost of overhead for each technique was calculated by taking 5% of the total health over-
head cost based on laboratory heads’ expert opinions. Capital costs were annualized using a
3% discount rate per year [20,21]. Local costs were collected in Ethiopian birr and converted
to United States dollars (US$) using average exchange rates from the National Bank of Ethio-
pia (US$1 = 27.18 birr) [22]. All the costs were adjusted for inflation using the consumer price
index of the year 2018 as a base year cost.

An incremental cost-effectiveness ratio (ICER) was calculated using the ratio of the change
in unit cost per case detected. As there is no widely accepted willingness-to-pay (WTP) thresh-
old for this intermediate outcome (i.e., ICER in terms of cost per case detected), we did not use
any threshold, and therefore we presented only the estimated ICER in this study.

Ethics approval and consent to participate

Ethical approval was obtained from the Addis Ababa University School of Public Health Insti-
tutional Review Board. The ethical review board provided a waiver for consent to participate,
as the data were collected from patient records.

Results
Socio-demographic characteristics of the participants

Among TB suspected patients diagnosed by AFB smear microscopy method, 692 (52%) were
male, and 639(48%) were in the age group 5-25 years old. Around 1,258 (94.4%) patients had
a smear-negative result, whereas 74 (5.6%) had a smear-positive result. Among 1332 patients
enrolled in the Gene Xpert algorithm, more than half (54.4%) were males and around 221
(16.6%) patients have TB infection whereas the remaining 1111(83.4%) were negative for TB.
The majority of patients diagnosed using the Gene Xpert method were in the age group 5-25
years with the mean age of 34+ 17 standard deviation (SD) (Table 1).

Cost per patient tested

The unit cost of testing suspected TB patients using smear microscopy and the Gene Xpert
algorithm varies with the volume of testing and level of health facilities. The average cost of the
testing using the smear microscopy technique was $3.1 (ranging from $2.40 to $4.96) whereas
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Table 2. Unit cost per patient tested of smear microscopy and the Gene Xpert diagnostic method (2018 US$).

Table 1. Characteristics of TB suspected patients by testing technique.

Category
Age
5-25 years
26-34 years
35-44 years
45-54 years
55 and above years
Sex
Male
Female
Test results
Test positive

Test negative

Smear microscopy Frequency (%)

639(48%)
348(26.1%)
174(13.1%)

124(9.3%)

47(3.5%)

692 (52.0%)
640 (48.0%)

74 (5.6%)
1,258 (94.4%)

https://doi.org/10.1371/journal.pone.0259056.t001

it was $12.9 for the Gene Xpert method (ranging from $12.69 to $13.22). Consumables

Gene Xpert Frequency (%)

504(37.8%)
279(21%)
199(14.9%)
144(10.8%)
206(15.5%)

724 (54.4%)
608 (45.6%)

221 (16.6%)
1,111(83.4%)

accounted for 41.3% of AFB smear examination costs while the Xpert cartridge cost was the
major determinants of Gene Xpert’s unit cost. The staff salary costs accounted for 29% of the
Gene Xpert technique whereas it was 5.4% ($0.9 per test) for AFB smear microscopy (Table 2).

Cost per TB case detected

In AFB smear microscopy techniques, the unit cost per TB case detected was $55.8. The TB
staining supplies accounted for 41.1% of the AFB smear examination costs whereas around
$16.6 (29.7%) was attributable to overhead and equipment costs. Besides, the cost per TB case
detected for the Gene Xpert testing technique was $77.9. The medical supplies (i.e., cartridge
kit) cost accounted for 82.5% of the Gene Xpert costs. The ICER for the Gene Xpert techniques
compared to the AFB smear microscopy method was $20.0 per TB case detected (Tables 3

and 4).

Scenario analysis of the costs

The reduction of the capital equipment’s shelf life time from 10 to five years drives the unit
cost of AFB smear examination to $3.60. Likewise, the unit cost would reduce by 16.13% as the

Health facilities Consumable Overhead and space Equipment HR Tested (annual) Unit cost
Smear microscopy 1.3 0.4 0.7 0.9 3.1
Bokoji HSP 375.1 106.7 210.7 265.5 343 2.8
Bokoji HC 241.0 59.3 64.6 190.3 167 3.3
Kersa HSP 214.1 103.3 151.9 170.2 129 5.0
Sagure HC 312.3 59.4 67.9 189.9 262 2.4
Gobesa HSP 272.0 103.3 188.0 192.3 209 3.6
Meraro HC 285.6 58.2 66.8 183.6 222 2.7
Gene Xpert 10.7 0.2 1.3 0.7 12.9
Asella HSP 8,003.0 130.2 882.2 543.4 753 12.7
Didea HSP 6,204.2 102.1 879.1 466.1 579 13.2
Note: HR = human resources; HC = health center; HSP = hospital.

https://doi.org/10.1371/journal.pone.0259056.t002
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Table 3. Cost per case detected of smear microscopy and Gene Xpert diagnostic methods by health facilities in Arsi Zone, Ethiopia, 2019 (2018 US$).

Health facilities Supplies
Smear microscopy 23.0
Bokoji HSP 18.7
Bokoji HC 24.1
Kersa HSP 21.4
Sagure HC 26.0
Gobesa HSP 17.0
Meraro HC 47.6
GeneXpert 64.3
Asella HSP 68.4
Didea HSP 59.7

Overhead and space Equipment HR Number of cases detected Cost per case detected
6.6 10.0 16.1 74 55.8
53 10.5 13.3 20 47.9
59 6.5 19.0 10 55.5

10.3 15.2 17.0 10 63.9
4.9 5.6 15.8 12 52.5
6.4 11.7 12.0 16 47.2
9.7 11.1 30.6 6 99.0
1.0 8.0 4.6 221 77.9
1.1 7.5 4.6 117 81.7
1.0 8.4 4.5 104 73.6

Note: HR = human resources; HC = health center; HSP = hospital.

https://doi.org/10.1371/journal.pone.0259056.t003

volume of tests performed increased from 5 to 10 per day. Besides this, the full utilization of
microscopy used to the AFB smear examination at health centers would increase the test’s cost
by 7%.

In the Gene Xpert technique, the reduction of the cartridge price by 10% reduces the test’s
cost to $11.7. In addition, the increment of the number of tests executed per day from eight to
16 reduces the test’s costs by 8.1%. However, the cost per test would increase to $13.8 if the life
span of the four-module Gene Xpert machine reduced from ten to five years (Table 5).

Discussion

Tuberculosis is a global public health threat especially in sub-Saharan African countries [1].
The introduction of Gene Xpert technology has offered the potential to increases the case
detection rate of TB and MDR-TB in the health service delivery of low and middle-income
countries [23]. This study evaluated the cost and cost-effectiveness of Gene Xpert and AFB
smear microscopy in TB diagnosis. In our study, the use of the Gene Xpert algorithm is a cost-
effective intervention from the health provider’s perspective with an ACER of $78. This is con-
sistent with a recent systematic review which suggests that using Gene Xpert in a routine
health care delivery system is cost-effective in various settings [11]. Our findings are also in
line with a study from South African that indicated using Gene Xpert for routine TB diagnosis
was a cost-saving method [24].

In this study, the cost per test for Gene Xpert diagnostic method ($12.9) was substantially
lower than AFB smear microscopy techniques ($3.1). In our cost-scenario analysis, the volume
of tests is an essential factor influencing the unit cost of the diagnostic methods. As the number
of tests per day increases, the unit cost per test would decrease for both smear microscopy and
Gene Xpert. Our finding is consistent with studies from Sub-Saharan African countries that

Table 4. Incremental cost-effectiveness ratios of GeneXpert compared to smear microscopy.

Diagnostic methods Cost per case detected Incremental cost per case detected
Smear microscopy 55.8 Ref.
GeneXpert 77.8 20.0

Ref: Reference strategy (smear microscopy was the reference strategy). Effectiveness was measured in terms of TB

cases detected.

https://doi.org/10.1371/journal.pone.0259056.t1004
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Table 5. Scenario analysis of cost assumptions for smear microscopy and Gene Xpert diagnostic methods (2018US$).

Parameter Cost per test Change (%) Cost per case detected Change (%)
Smear microscopy

Base-case unit cost 3.1 55.8

Reduce useful life of capital equipment from 10 to 5 years 3.6 +15.8 64.6 +15.7
Increase the number of tests to 10 per day 2.6 -16.1 46.7 -16.4
Allocate 100% of microscopy to smear microscopy at the health center 3.3 +7.1 59.7 +6.9
GeneXpert

Base-case unit cost 12.9 77.9

Reduce the useful life of capital equipment from 10 to 5 years 13.8 +7.0 83.4 +7.1
Increase the number of tests to 16 per day 11.9 -8.1 71.6 -8.1
Reduce the price of the cartridge by 10% 11.7 -9.8 70.3 -9.7

https://doi.org/10.1371/journal.pone.0259056.t005

reported a similar trend, and the primary explanation for the discrepancy in unit cost across
health facilities by test volume was that facilities incurred the fixed costs (i.e., equipment, HR,
etc.) regardless of the number of tests performed [4,25-29].

Even though we found that Gene Xpert is a cost-effective diagnostic method, its unit cost
per test is higher than the AFB smear examination technique. The relatively high cost of Gene
Xpert is attributable to the high prices of the equipment and cartridge. Moreover, in our study,
the highest share of the unit cost of the Gene Xpert method is attributable to supplies (42%)
especially cartridge costs. This estimate was in line with reports from South African and Ugan-
dan studies’ which indicated that the cartridge’s cost accounted for the largest share of the
Gene Xpert technique’s unit cost [20,30]. Other studies’ findings from settings in low- and
middle-income countries consistently reported the same trends that Xpert cartridge costs are
critical drivers of the overall cost [31-33]. Thus, the high cost of cartridges can be a barrier in
the scale-up of Gene Xpert as a routine TB testing intervention. Therefore, to ensure this tech-
nology’s financial sustainability in low-income settings, reducing the cartridge and equipment
price is essential [34].

To the best of our knowledge, this is the first study that evaluated the cost and cost-effec-
tiveness of Gene Xpert compared to smear microscopy in Ethiopian settings. However, this
study has few drawbacks. First, the maintenance cost for the diagnostic machines was not
included in this analysis. Excluding the cost of maintenance might significantly affect the total
unit cost of the diagnostic methods [35,36]. Furthermore, although the information on the
diagnosis accuracy of the techniques in TB-HIV co-infection cases would be relevant, because
of the data limitation, TB-HIV co-infection was not included. Additionally, we used an inter-
mediate outcome in this study (i.e., the ICER is presented in cost per TB case detected). Thus,
the use of 1-times or 3-times gross domestic product per capita per DALY averted as a WTP
threshold to determine the strategies’ cost-effectiveness may not be directly applicable to our
study.

Conclusion

In conclusion, using the Gene Xpert diagnostic method in routine TB management compared
to smear microscopy was cost-effective. In the cost scenario analysis, the price of the cartridge,
the number of tests performed per day, and the life span of the capital equipment were the
drivers of the unit cost of Gene Xpert techniques. Therefore, Gene Xpert can be considered as
a part of the routine TB diagnostic testing strategy in Ethiopia.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259056 October 25, 2021 7/10


https://doi.org/10.1371/journal.pone.0259056.t005
https://doi.org/10.1371/journal.pone.0259056

PLOS ONE Cost and cost-effectiveness of Gene Xpert and smear microscopy for the diagnosis of tuberculosis in Arsi zone

Supporting information

S1 Dataset.
(RAR)

Author Contributions

Conceptualization: Abdene Weya Kaso, Alemayehu Hailu.
Formal analysis: Abdene Weya Kaso, Alemayehu Hailu.
Investigation: Abdene Weya Kaso, Alemayehu Hailu.
Methodology: Abdene Weya Kaso, Alemayehu Hailu.

Software: Abdene Weya Kaso, Alemayehu Hailu.

Supervision: Abdene Weya Kaso.

Validation: Abdene Weya Kaso, Alemayehu Hailu.
Visualization: Abdene Weya Kaso, Alemayehu Hailu.

Writing - original draft: Abdene Weya Kaso, Alemayehu Hailu.
Writing - review & editing: Abdene Weya Kaso, Alemayehu Hailu.

References
1.  WHO. Global tuberculosis report. 2018.

2. KyuHH, Maddison ER, Henry NJ, Mumford JE, Barber R, Shields C, et al. The global burden of tubercu-
losis: results from the Global Burden of Disease Study 2015. The Lancet Infectious Diseases. 2018; 18
(3):261-84. https://doi.org/10.1016/S1473-3099(17)30703-X PMID: 29223583

3. FMOH. Report on National TB/HIV Sentinel Surveillance. Addis Ababa, Ethiopia: Ethiopian Public
Health Institute, December 2015.

4. Dobler CC. Screening strategies for active tuberculosis: focus on cost-effectiveness. Clinicoecon Out-
comes Res. 2016; 8:335—47. Epub 2016/07/16. https://doi.org/10.2147/CEOR.S92244 PMID:
27418848; PubMed Central PMCID: PMC4934456.

5. Brodie D, Schluger NW. The diagnosis of tuberculosis. Clin Chest Med. 2005; 26(2):247—-71, vi. Epub
2005/04/20. https://doi.org/10.1016/j.ccm.2005.02.012 PMID: 15837109.

6. Detjen AK, DiNardo AR, Leyden J, Steingart KR, Menzies D, Schiller |, et al. Xpert MTB/RIF assay for
the diagnosis of pulmonary tuberculosis in children: a systematic review and meta-analysis. Lancet
Respiratory Medicine. 2015.

7. Churchyard GJ, Stevens WS, Mametja LD, McCarthy KM, Chihota V, Nicol MP, et al. Xpert MTB/RIF
versus sputum microscopy as the initial diagnostic test for tuberculosis: a cluster-randomized trial
embedded in South African roll-out of Xpert MTB/RIF. Lancet Global Health. 2015;3.

8. Piatek AS, Cleeff MV, Alexander H, Coggin WL, Rehr M, Kampen SV, et al. GeneXpert for TB diagno-
sis: planned and purposeful implementation. Global Health Science and Practice 2013; 1(1). https://doi.
org/10.9745/GHSP-D-12-00004 PMID: 25276513

9. Al-Darraji HA, Abd Razak H, Ng KP, Altice FL, Kamarulzaman A. The diagnostic performance of a sin-
gle GeneXpert MTB/RIF assay in an intensified tuberculosis case finding survey among HIV-infected
prisoners in Malaysia. PLoS One. 2013; 8(9):e73717. Epub 2013/09/17. https://doi.org/10.1371/journal.
pone.0073717 PMID: 24040038; PubMed Central PMCID: PMC3767617.

10. WHO. Xpert MTB/RIF assay for the diagnosis of TB. Geneva, Switzerland: 2016.

11.  Sagili KD, Muniyandi M, Nilgiriwala KS, Shringarpure KS, Satyanarayana S, Kirubakaran R, et al. Cost-
effectiveness of GeneXpert and LED-FM for diagnosis of pulmonary tuberculosis: A systematic review.
PLoS One. 2018; 13(10):e0205233. Epub 2018/10/30. https://doi.org/10.1371/journal.pone.0205233
PMID: 30372436; PubMed Central PMCID: PMC6205591.

12. Trébucq A, Enarson DA, Chiang CY, Deun AV, Harries AD, Boillot F, et al. Xpert® MTB/RIF for national
tuberculosis programmes in low-income countries: when, where and how? International journal of tuber-
culosis and lung disease. 2011; 15(12):1567-71.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259056 October 25, 2021 8/10


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259056.s001
https://doi.org/10.1016/S1473-3099%2817%2930703-X
http://www.ncbi.nlm.nih.gov/pubmed/29223583
https://doi.org/10.2147/CEOR.S92244
http://www.ncbi.nlm.nih.gov/pubmed/27418848
https://doi.org/10.1016/j.ccm.2005.02.012
http://www.ncbi.nlm.nih.gov/pubmed/15837109
https://doi.org/10.9745/GHSP-D-12-00004
https://doi.org/10.9745/GHSP-D-12-00004
http://www.ncbi.nlm.nih.gov/pubmed/25276513
https://doi.org/10.1371/journal.pone.0073717
https://doi.org/10.1371/journal.pone.0073717
http://www.ncbi.nlm.nih.gov/pubmed/24040038
https://doi.org/10.1371/journal.pone.0205233
http://www.ncbi.nlm.nih.gov/pubmed/30372436
https://doi.org/10.1371/journal.pone.0259056

PLOS ONE Cost and cost-effectiveness of Gene Xpert and smear microscopy for the diagnosis of tuberculosis in Arsi zone

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

WHO. Automated real-time nucleic acid amplification technology for rapid and simultaneous detection
of tuberculosis and rifampicin resistance: Xpert MTB/RIF assay for the diagnosis of pulmonary and
extrapulmonary TB in adults and children. 2013.

Vassall A, van Kampen S, Sohn H, Michael JS, John KR, den Boon S, et al. Rapid diagnosis of tubercu-
losis with the Xpert MTB/RIF assay in high burden countries: a cost-effectiveness analysis. PLoS Med.
2011; 8(11):e1001120. Epub 2011/11/17. https://doi.org/10.1371/journal.pmed.1001120 PMID:
22087078; PubMed Central PMCID: PMC3210757.

Ethiopia FMoHo. National strategic plan for Tuberclosis and Leprosy prevention and control (2013/14—
2020/21). Addis Ababa: Ministry of Health of Ethiopia, 2017.

FMOH. National policy updates summary on six edition of National TB, TB/HIV and Leprosy guidelines.
Addis Ababa2016.

FMOH. AFB Smear Microscopy External Quality Assessment Guideline. second ed. Addis Ababa,
Ethiopia: Ethiopian Public Health Institute; January 2018.

partnership/GDF ST. Ensuring an interrupted supply of quality assured, affordable tuberculosis medi-
cines and diagnostic to the world. Geneva, Switzerland. July, 2018.

Diagnostics F. Negotiated Product Pricing 21, March, 2019. Available from: https://www.finddx.org/find-
negotiated-product-pricing/.

Van Rie A, Page-Shipp L, Hanrahan CF, Schnippel K, Dansey H, Bassett J, et al. Point-of-care Xpert
(R) MTB/RIF for smear-negative tuberculosis suspects at a primary care clinic in South Africa. Int J
Tuberc Lung Dis. 2013; 17(3):368—72. Epub 2013/02/15. https://doi.org/10.5588/ijtld.12.0392 PMID:
23407225; PubMed Central PMCID: PMC4445423.

Yakhelef Nadia, Audibert Martine, Varaine Francis, Chakaya Jeremiah, Sitienei J. Is introducing rapid
culture in the diagnostic algorithm of smear-negative tuberculosis cost-effective? halshs-00866530.
2013;17.

Ethiopia: Macroeconomic and Social Indicators (2018—2019) [Internet]. 2020. Available from: https://
nbebank.com/wp-content/uploads/pdf/annualbulletin/report-2018-2019.pdf.

Uddin MKM, Chowdhury MR, Ahmed S, Rahman MT, Khatun R, Leth FV, et al. Comparison of direct
versus concentrated smear microscopy in the detection of pulmonary tuberculosis. BMC Research
Notes 2013; 6(291). https://doi.org/10.1186/1756-0500-6-291 PMID: 23885922

Jha S, Ismail N, Clark D, Lewis JJ, Omar S, Dreyer A, et al. Cost-Effectiveness of Automated Digital
Microscopy for Diagnosis of Active Tuberculosis. PLoS One. 2016; 11(6):e0157554. Epub 2016/06/21.
https://doi.org/10.1371/journal.pone.0157554 PMID: 27322162; PubMed Central PMCID:
PMC4913947.

Adelman MW, McFarland DA, Tsegaye M, Aseffa A, Kempker RR, HM B. Cost-effectiveness of WHO-
Recommended Algorithms for TB Case Finding at Ethiopian HIV Clinics. Infectious disease society of
America. 2017. https://doi.org/10.1093/ofid/ofx269 PMID: 29399596

Andrews JR, Lawn SD, Rusu C, Wood R, Noubary F, Bender MA, et al. The cost-effectiveness of rou-
tine tuberculosis screening with Xpert MTB/RIF prior to initiation of antiretroviral therapy: a model-
based analysis. AIDS. 2012; 26(8):987-95. Epub 2012/02/16. https://doi.org/10.1097/QAD.
0b013e3283522d47 PMID: 22333751; PubMed Central PMCID: PMC3517815.

Choi HW, Miele K, Dowdy D, M S. Cost-effectiveness of Xpert® MTB/RIF for diagnosing pulmonary
tuberculosis in the United States. International Journal of Tuberculosis and Lung Disease. 2013; 17
(10):1328-35. https://doi.org/10.5588/ijtld.13.0095 PMID: 24025386

Zwerling AA, Sahu M, Ngwira LG, Khundi M, Harawa T, Corbett EL, et al. Screening for Tuberculosis
Among Adults Newly Diagnosed With HIV in Sub-Saharan Africa: A Cost-Effectiveness Analysis. J
Acquir Immune Defic Syndr. 2015; 70(1):83-90. Epub 2015/06/08. https://doi.org/10.1097/QAI.
0000000000000712 PMID: 26049281; PubMed Central PMCID: PMC4556591.

Hsiang E, Little KM, Haguma P, Hanrahan CF, Katamba A, Cattamanchi A, et al. Higher cost of imple-
menting Xpert((R)) MTB/RIF in Ugandan peripheral settings: implications for cost-effectiveness. Int J
Tuberc Lung Dis. 2016; 20(9):1212-8. Epub 2016/08/12. https://doi.org/10.5588/ijtld.16.0200 PMID:
27510248; PubMed Central PMCID: PMC5018405.

Walusimbi S, Kwesiga B, Rodrigues R, Haile M, de Costa A, Bogg L, et al. Cost-effectiveness analysis
of microscopic observation drug susceptibility test versus Xpert MTB/RIf test for diagnosis of pulmonary
tuberculosis in HIV patients in Uganda. BMC Health Serv Res. 2016; 16(1):563. Epub 2016/10/12.
https://doi.org/10.1186/s12913-016-1804-9 PMID: 27724908; PubMed Central PMCID: PMC5057383.

Pinto M, Entringer AP, Steffen R, A T. Cost analysis of nucleic acid amplification for diagnosing pulmo-
nary tuberculosis, within the context of the Brazilian Unified Health Care System. Journal of Brasil Pneu-
mol. 2015; 41(6):536-8. https://doi.org/10.1590/S1806-37562015000004524 PMID: 26785963

PLOS ONE | https://doi.org/10.1371/journal.pone.0259056 October 25, 2021 9/10


https://doi.org/10.1371/journal.pmed.1001120
http://www.ncbi.nlm.nih.gov/pubmed/22087078
https://www.finddx.org/find-negotiated-product-pricing/
https://www.finddx.org/find-negotiated-product-pricing/
https://doi.org/10.5588/ijtld.12.0392
http://www.ncbi.nlm.nih.gov/pubmed/23407225
https://nbebank.com/wp-content/uploads/pdf/annualbulletin/report-2018-2019.pdf
https://nbebank.com/wp-content/uploads/pdf/annualbulletin/report-2018-2019.pdf
https://doi.org/10.1186/1756-0500-6-291
http://www.ncbi.nlm.nih.gov/pubmed/23885922
https://doi.org/10.1371/journal.pone.0157554
http://www.ncbi.nlm.nih.gov/pubmed/27322162
https://doi.org/10.1093/ofid/ofx269
http://www.ncbi.nlm.nih.gov/pubmed/29399596
https://doi.org/10.1097/QAD.0b013e3283522d47
https://doi.org/10.1097/QAD.0b013e3283522d47
http://www.ncbi.nlm.nih.gov/pubmed/22333751
https://doi.org/10.5588/ijtld.13.0095
http://www.ncbi.nlm.nih.gov/pubmed/24025386
https://doi.org/10.1097/QAI.0000000000000712
https://doi.org/10.1097/QAI.0000000000000712
http://www.ncbi.nlm.nih.gov/pubmed/26049281
https://doi.org/10.5588/ijtld.16.0200
http://www.ncbi.nlm.nih.gov/pubmed/27510248
https://doi.org/10.1186/s12913-016-1804-9
http://www.ncbi.nlm.nih.gov/pubmed/27724908
https://doi.org/10.1590/S1806-37562015000004524
http://www.ncbi.nlm.nih.gov/pubmed/26785963
https://doi.org/10.1371/journal.pone.0259056

PLOS ONE Cost and cost-effectiveness of Gene Xpert and smear microscopy for the diagnosis of tuberculosis in Arsi zone

32.

33.

34.

35.

36.

Rupert S, Vassall A, Raizada N, Khaparde SD, Boehme C, Salhotra VS, et al. Bottom-up or top-down:
unit cost estimation of tuberculosis diagnostic tests in India. Int J Tuberc Lung Dis. 2017; 21(4):375-80.
Epub 2017/03/13. https://doi.org/10.5588/ijtld.16.0496 PMID: 28284251

Shah Maunank, Chihota Violet, Coetzee Gerrit, Churchyard Gavin, Dorman SE. Comparison of labora-
tory costs of rapid molecular tests and conventional diagnostics for the detection of tuberculosis and
drug-resistant tuberculosis in South Africa. BMC Infectious Diseases 2013; 13(352). https://doi.org/10.
1186/1471-2334-13-352 PMID: 23895665

Pantoja A, Fitzpatrick C, Vassall A, Weyer K, Floyd K. Xpert MTB/RIF for diagnosis of tuberculosis and
drug-resistant tuberculosis: a cost and affordability analysis. Eur Respir J. 2013; 42(3):708-20. Epub
2012/12/22. https://doi.org/10.1183/09031936.00147912 PMID: 23258774.

Agizew T, Boyd R, Ndwapi N, Auld A, Basotli J, Nyirenda S, et al. Peripheral clinic versus centralized
laboratory-based Xpert MTB/RIF performance: Experience gained from a pragmatic, stepped-wedge
trial in Botswana. PLoS One. 2017; 12(8):e0183237. Epub 2017/08/18. https://doi.org/10.1371/journal.
pone.0183237 PMID: 28817643; PubMed Central PMCID: PMC5560557.

Kebede A, Beyene D, Yenew B, Diriba G, Mehamd Z, Alemu A, et al. Monitoring quality indicators for
the Xpert MTB/RIF molecular assay in Ethiopia. PLoS One. 2019; 14(11):e0225205. Epub 2019/11/13.
https://doi.org/10.1371/journal.pone.0225205 PMID: 31714934; PubMed Central PMCID:
PMC6850546.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259056 October 25, 2021 10/10


https://doi.org/10.5588/ijtld.16.0496
http://www.ncbi.nlm.nih.gov/pubmed/28284251
https://doi.org/10.1186/1471-2334-13-352
https://doi.org/10.1186/1471-2334-13-352
http://www.ncbi.nlm.nih.gov/pubmed/23895665
https://doi.org/10.1183/09031936.00147912
http://www.ncbi.nlm.nih.gov/pubmed/23258774
https://doi.org/10.1371/journal.pone.0183237
https://doi.org/10.1371/journal.pone.0183237
http://www.ncbi.nlm.nih.gov/pubmed/28817643
https://doi.org/10.1371/journal.pone.0225205
http://www.ncbi.nlm.nih.gov/pubmed/31714934
https://doi.org/10.1371/journal.pone.0259056

