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ABSTRACT The global roll-out of Xpert MTB/RIF (Cepheid Inc., Sunnyvale, CA, USA) has changed the
diagnostic landscape of tuberculosis (TB). More than 16 million tests have been performed in 122 countries
since 2011, and detection of multidrug-resistant TB has increased three- to eight-fold compared to
conventional testing. The roll-out has galvanised stakeholders, from donors to civil society, and paved the
way for universal drug susceptibility testing. It has attracted new product developers to TB, resulting in a
robust molecular diagnostics pipeline. However, the roll-out has also highlighted gaps that have constrained
scale-up and limited impact on patient outcomes. The roll-out has been hampered by high costs for underfunded programmes, unavailability of a complete solution package (notably comprehensive training, quality
assurance, implementation plans, inadequate service and maintenance support) and lack of impact
assessment. Insufficient focus has been afforded to effective linkage to care of diagnosed patients, and
clinical impact has been blunted by weak health systems. In many countries the private sector plays a
dominant role in TB control, yet this sector has limited access to subsidised pricing. In light of these
lessons, we advocate for a comprehensive diagnostics implementation approach, including increased
engagement of in-country stakeholders for product launch and roll-out, broader systems strengthening in
preparation for new technologies, as well as quality impact data from programmatic settings.
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Introduction
Recent innovations in “near patient” testing technologies for tuberculosis (TB) and HIV have brought
game-changing potential to the care and treatment of the two epidemics. However, the roll-out of new
diagnostic technologies, such as Xpert MTB/RIF (Cepheid Inc., Sunnyvale, CA, USA), can highlight critical
gaps that may limit scale-up and patient impact. However, these can only be fully realised when symptomatic
individuals are appropriately screened and referred for testing with new technologies and diagnosed patients
are linked successfully to appropriate care and treatment. We reflect upon the roll-out of Xpert MTB/RIF as a
case study to highlight essential elements necessary to achieve maximal impact, and put forward a set of
requirements that should be met for roll-out of future diagnostic technologies to ensure maximal impact.

Search strategy and selection criteria
References for this review were identified through searches of PubMed for articles published from January
2010 to May 2015 by use of the terms: “Xpert MTB/RIF”, “GeneXpert”, “Xpert”, “tuberculosis”,
“diagnostics” and “implementation”. Relevant articles, reports and guidelines published between 2007 and
2015 were identified through searches in the authors’ personal files. Articles resulting from these searches
and relevant references cited in those articles were reviewed. Articles published in English were included.

Product development
In 2006, FIND (Geneva, Switzerland), a product development partnership, identified the GeneXpert
platform as the most promising technology for a next generation TB test, and executed a co-development
agreement with Cepheid and the University of Medicine and Dentistry of New Jersey (Newark, NJ, USA)
to develop a TB test based on the automated GeneXpert platform, supported by funding from the Bill and
Melinda Gates Foundation (Seattle, WA, USA) and the National Institute of Allergy and Infectious
Diseases (Rockville, MD, USA). A bold decision was made to combine TB case detection with drug
susceptibility testing, and a single cartridge was developed to detect Mycobacterium tuberculosis, as well as
rifampin resistance. In April 2009, the product received initial regulatory approval (European CE-IVD)
and evaluation and demonstration trials began the following month. As part of the agreement with
Cepheid, FIND leveraged donor funding to negotiate a pricing model aimed at a 75% cost reduction for
the public health sector in low- and middle-income countries.

Policy and regulatory guidance
As shown in figure 1, following Xpert MTB/RIF evaluation in 2009 [1] and field demonstration in 2010 [2],
a World Health Organization (WHO) expert group meeting and global consultation were held in late 2010.
2011

2010
Xpert MTB/RIF

Policy and
regulatory

Diagnostic solution elements

Training

Support and
supply chain

Quality
assurance

Connectivity
and IT

Impact
measurement

2012

2013

2014

2015

2016

Use in
116
HBDCs

Launch

WHO policy at unprecedented
speed 2 years after design lock
(trial start)
Basic training materials
and implementation
manual

WHO policy revision to
include paediatric and
extrapulmonary TB
More complete
training package
and job aids

Comprehensive
package available
online

Instrument
verification
panels

Remote
monitoring

Procurement system in
place but long time for
module repair/replacement
Calibration
tool

In-built
controls

Connectivity to
lab information
systems
Strong trial data informed
rapid policy (with some
impact data)
Element not available

Third-party eHealth
solutions for data
transfer
Early roll-out not accompanied
by data collection and
feedback on implementation

Element partly available but doesn’t fully meet need

Proprietary
connectivity
solution
Limited
impact data
available

Open-source
interoperable
connectivity solution
Programmatic
impact data
becoming available

Element available and meets need

FIGURE 1 Timeline of availability of required elements for Xpert MTB/RIF implementation. HBDCs: high-burden developing countries; WHO: World
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This efficient global policy process was based on extensive multi-country study data from various
epidemiological settings, and translated quickly into national policy [3]. In 2010, WHO endorsed the Xpert
MTB/RIF product and recommended that Xpert: 1) should be used as the initial diagnostic test in
individuals suspected of multidrug-resistant (MDR)-TB or HIV-associated TB (strong recommendation);
and 2) may be used as a follow-on test to microscopy in settings where MDR and/or HIV is of lesser
concern, especially in smear-negative specimens (conditional recommendation, recognising major resource
implications) [4].
Translation of global policy into actionable implementation plans at the country level, however, proved
slower and impact data was not generated. RAMSAY et al. [5] concluded that the importance of advocacy
post-WHO endorsement of new TB diagnostics was underestimated, and suggested that a specific country
and donor engagement plan was required to ensure translation of global policy into actionable
implementation plans. In 2013, a WHO policy revision for Xpert was published [6] with an accompanying
revised implementation manual [7]. The 2013 policy revision provided expanded and updated policy
recommendations that may have influenced expanded use of Xpert MTB/RIF (including recommendations
for use in paediatric and extrapulmonary TB). The updated manual reiterated the need for countries to
conduct an impact assessment, but did not provide detailed guidance in this regard.

Pricing and uptake
When Xpert MTB/RIF was launched in 2010, the initial negotiated price was US$17 000 for a four-module
GeneXpert instrument (with desktop computer) and US$16.86 per Xpert MTB/RIF cartridge. The launch
price was tied to a minimum manufacturing volume and was negotiated by FIND for use in the public
sector and non-governmental organisations (NGOs) in 145 high-burden developing countries (HBDCs).
As shown in figure 1, initial uptake was slow and cost was a major barrier to scale-up.
In August 2012, PEPFAR (President’s Emergency Plan for AIDs Relief ), USAID (United States for
International Development), UNITAID, and the Bill and Melinda Gates Foundation finalised an
agreement with Cepheid to further reduce the negotiated price of the Xpert MTB/RIF cartridge for eligible
customers on the FIND country list from US$16.68 to US$9.98, direct cost from the manufacturer and
pre-paid goods. Around the same time, the South African government took the decision to scale-up the
test across the country. Through these developments, the trajectory of Xpert uptake shifted substantially
(figure 2). From 2010 to the end of 2015, a total of 21 549 instrument modules and more than 16.2
million Xpert MTB/RIF cartridges have been procured by eligible customers in the public sector and
NGOs, covering 122 HBDCs ( personal communication; Cepheid Inc.). Funding for scale up of Xpert
MTB/RIF has relied heavily on donor funding in the majority of HBDCs [7]. The South African
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FIGURE 2 Procurement of Xpert MTB/RIF modules and cartridges under concessionary pricing by quarter (Q)
in 2010–2015 (Cepheid data).
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programme is now primarily funded by the government, whereas most countries remain reliant on
external donor funding, causing concern for long-term sustainability and future implementation of other
technologies.
By 2014, 19 (86%) out of 22 HBDCs reported an Xpert MTB/RIF implementation plan [8]. Data from a
recent survey of 24 countries provides some indication of the completeness of these plans, and the extent
to which they have been translated into practice [9]. Of the 24 countries, 14 recommend use of rapid
molecular testing as the initial diagnostic test for people at risk of MDR-TB or HIV-associated TB, and
eight countries have national policies with rapid molecular tests as a replacement for smear microscopy as
the initial diagnostic test for presumptive TB in adults and children (figure 3) [8]. Only five countries have
recommended the use of Xpert MTB/RIF for the diagnosis of paediatric TB, and four for extra-pulmonary
TB. Quantifying the extent to which implementation of diagnostic policies has been achieved proved
difficult; nonetheless, the authors conclude that significant gaps exist, and that broader coverage of Xpert
MTB/RIF and other new rapid tests are needed in the majority of countries surveyed.

Training
Although well-controlled studies suggest that 1–2 days of training is adequate to establish proficiency on
GeneXpert, field experience has shown that more comprehensive training, combined with regular monitoring
and on-site supervision, has been necessary to improve: the quality of the test and software use; instrument
maintenance; troubleshooting; the ability to follow guidelines; and communication of results for linkage to
care. Training is particularly critical during the first 2 months of use (personal communication; V. Harris,
FIND, Geneva, Switzerland).
Although the manufacturer’s training materials were available at the time of product launch, several
implementing partners developed custom materials to complement those provided by the manufacturer.
These materials address issues of quality assurance, recording and reporting results, and specimen
collection; many were not developed until 2–3 years after product launch. To standardise the content of
the various training materials available, the Global Laboratory Initiative published a modular training
package for Xpert MTB/RIF in early 2014. In future, a comprehensive training package, with associated
tools, should be available in key languages at product launch to enable high-quality training to be
delivered rapidly in most countries. Improvements in maintenance, troubleshooting errors and adherence
to the recommended national algorithm were shown following 5 days of comprehensive training based on
the Global Laboratory Initiative training package, combined with advanced technical support to sites
( personal communication; V. Harris). Independent of the training materials for instrument operators, the
largely absent focus on provider training has limited demand for testing, and has been now added to the
Global Laboratory Initiative training package.
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FIGURE 3 Uptake of Xpert MTB/RIF in 22 high-burden countries, comparison of Xpert cartridge procurement
with smear volumes. Data from [8].

4

DOI: 10.1183/13993003.00543-2016

TUBERCULOSIS | H. ALBERT ET AL.

Quality assurance
In reference or referral laboratories, the essential elements of quality assurance are well accepted and clearly
articulated in international standards; however, there has been much debate as to whether these stringent
requirements are necessary or even feasible for peripheral laboratories (and non-laboratory testing sites) that
are implementing Xpert MTB/RIF. Global Laboratory Initiative guidance on requirements for quality
assurance for the Xpert MTB/RIF assay have been published, and include information on routine
maintenance activities, new lot quality control testing, instrument verification, quality indicator monitoring
and external quality assurance, including on-site supervision and proficiency testing. This guidance only
became available 3 years after product launch, and implementation of several of these recommended
elements remains challenging.
Several proficiency testing panels for Xpert MTB/RIF have been evaluated [10], but the possibility to enrol in
external proficiency testing programmes only became available in 2013. A pilot proficiency testing
programme was initiated by the US Centers for Disease Control and Prevention (Atlanta, GA, USA) in 2013
using dried culture specimens, and currently includes 193 testing sites in 11 countries, with a total of 810
panels shipped to date (personal communication; K. De Gruy, Centers for Disease Control and Prevention,
Atlanta, GA, USA). South Africa’s National Health Laboratory Service runs an external quality assurance
programme using web-based reporting. INSTAND (Düsseldorf, Germany) also provides an Xpert MTB/RIF
external quality assurance programme. Procurement of external proficiency testing panels is prohibitively
expensive for many countries. Alternatively, panels may be locally manufactured at reference laboratories
and distributed to testing sites, although standardised protocols are not yet published to guide countries.
On-site supervision is essential to maintain proficiency and check that regular maintenance activities are
being consistently performed, yet they are performed irregularly in many countries. The availability of
appropriately qualified staff with transport to sites, data management and linking non-conformities to
corrective actions are major challenges, especially given the relatively large number and decentralised
location of Xpert sites in many countries.
Routine monitoring of quality indicators, such as M. tuberculosis positivity rate, rifampicin resistance rate,
error rate and turnaround time, is perhaps the most essential quality assurance activity, since it directly
reflects routine testing. Routine quality monitoring can enable targeted supervision to poorly performing
sites, allow early troubleshooting or servicing interventions, and contribute to good stock management.
The inability to easily monitor quality indicators directly using the GeneXpert instrument software, and
rapid pace of scale-up of instrument installations in some countries, have hampered attempts to monitor
quality indicators. This has led to connectivity solutions based on the development of open-source remote
monitoring systems, as described later.

Infrastructure
The original GeneXpert technology was targeted to the district or sub-district level in facilities with stable
power, temperature control and protection from dust, heat and humidity. The challenges of operation in
these settings became apparent as the technology rolled out in HBDCs. Stable power supply is a challenge
in many settings [11], necessitating solutions that range from installation of uninterruptible power sources
to serially connected car batteries, inverters and solar power systems. Countries have reported difficulty in
local procurement of appropriate power systems. Furthermore, servicing and repair of a system purchased
outside the country of intended use may be difficult. Environmental issues such as dust also resulted in
high rates of module failure in some settings [12].
These challenges have meant that although the Xpert MTB/RIF test has enabled more decentralised drug
susceptibility testing than ever before, in most HBDCs the technology is not implementable at the level of
the microscopy centre, where most TB management services are focused. Responding to these realities, in
July 2015 Cepheid and FIND unveiled a new generation instrument called GeneXpert Omni; described as
the world’s first portable, point-of-care, molecular diagnostic platform that is battery-operated, wireless
and web-enabled.

Maintenance and technical support
Equipment maintenance and servicing is a notorious challenge in many low- and middle-income
countriess. Higher than expected rates of module failure have been reported for Xpert in a number of
settings. CRESWELL et al. [13] reported unsuccessful test rates of 10.6% (range 5.9–16.3%) in nine countries
implementing Xpert MTB/RIF. RAIZADA et al. [12] reported initial test failure rates in India of 7.2% (range
4–17%), and high levels of module failure (11.36%) were reported from South Africa with a median time to
module failure of 452 days [14]. Spare modules were not available in the majority of countries, leading to
extended downtimes (>3 months in 20% of reported cases) and additional local expenses, including
complex processes for customs clearance. Although extended warranties are now available, a recent survey
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of implementers revealed low utilisation of extended warranties, with lack of funding as the most common
reason ( personal communication; H. Albert, FIND, Geneva, Switzerland). There is a need to strengthen the
networks of authorised service providers to ensure adequate coverage and quality of diagnostic services.
Due to the negotiated public sector pricing, normal market dynamics have not been applied to Xpert MTB/
RIF, with low margins for authorised service providers and centralised decision-making around test
procurement. The current margins to service providers may be inadequate to meet basic needs in some
settings, while customers may be unable to pay additional service costs.
Availability of replacement modules and spare parts in countries is increasingly being provided by Cepheid
and could help to alleviate this problem. Nonetheless, the peripheral location and increasing numbers of
instruments point to instrument service and maintenance as major future challenges, especially when next
generation technologies become available that enable even greater decentralisation. Provision of additional
services, such as web tracking of service and maintenance status of instruments, support for shipping and
distribution of supplies, and support to install and maintain connectivity solutions, have been identified as
key demands by users; innovative solutions will be needed to meet these demands.

Supply chain
Global stocks of Xpert MTB/RIF cartridges ran out in 2012 and 2013 due to inadequate production capacity;
this seriously hindered roll-out. Local and national level stocks have run out frequently as a result of supply
chain systems’ weaknesses in many countries. In addition, an overestimation of cartridge needs, lack of
coordination among various donors and complex distribution channels are commonly experienced. The
requirement for cool storage of cartridges (2–30°C) means that more frequent distribution from a central
storage facility is needed, leading to increased cost and complexity. Supply forecasts based on actual
consumption are not done universally, and overestimation of cartridge needs (by external partners and
donors as well as by Ministry of Healths) remains a problem. While global procurement data of instruments
and cartridges suggests reasonable usage of available instrument capacity, with an average of 611 cartridges
sold per instrument module in 2014, or approximately three tests per working day (personal communication;
Cepheid Inc.), these data are likely to overestimate average routine consumption and country experience
suggests substantial under-utilisation of instrument capacity, particularly during early implementation [13].
Effective supply chain management remains an intractable problem, and may result in interruption in
service delivery and wastage of resources. While remote monitoring may assist, attention needs to be paid
to building local capacity to use available data to inform procurement and distribution decisions.

Connectivity and IT
Many of the implementation challenges described above may be ameliorated by the introduction of
connected diagnostics and so-called eHealth solutions. eHealth solutions can serve as a catalyst to
overcome specific constraints and can help increase the impact of a known intervention. However, to date,
experience with implementation of eHealth solutions has been fragmented and variable, with a lack of data
demonstrating impact on healthcare delivery and patient outcomes [15, 16]. Connectivity within diagnostic
platforms has become an evident pre-requisite [17].
At the time of introduction of Xpert, the only option for connectivity was to connect instruments to
Laboratory Information Management Systems through an ethernet port on the device PC. However, since
GeneXpert in Laboratory Information Management Systems was mostly being rolled out in peripheral sites
without hard-wired systems, many sites continued to use slow, error prone, paper-based recording and
communication of results, with South Africa a notable exception. As a consequence, valuable generated
data were never used to inform patient care or surveillance efforts and much of the operational and quality
data remain under-utilised and possibly lost [18].
Due to demands from countries to have greater access to GeneXpert data (for linkage to patient care,
remote monitoring of instrument use and performance at sites, and to inform supply chain management),
independent, open-source mobile health tools, including stand-alone connectivity hardware and software,
were developed specifically for Xpert MTB/RIF. These tools were designed to meet the needs of
low-resourced countries, where internet is often unavailable or unreliable, and Laboratory Information
Management Systems or Electronic Medical Records are not widely used.
Several tools were developed by groups from Interactive Research and Development (XpertSMS, Karachi,
Pakistan), Université Catholique de Louvain (GenXchange, Louvain-la-Neuve, Belgium) and Abt Associates
(GX Alert, Cambridge, MA, USA). XpertSMS has been rolled out in TB REACH projects in a number of
countries, including Pakistan and Bangladesh, GenXchange has been rolled out at more than 50 sites across
the Democratic Republic of Congo and Cameroon, and GX Alert has been implemented in 23 countries
(from small pilot projects to large-scale roll-outs), and is reportedly installed in <10% of GeneXpert
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instruments in HBDCs. To gain visibility of data for technical support, quality assurance and supply chain
purposes, Cepheid developed its own remote connectivity solution (Cepheid RemoteXpert), which was
launched in early 2015 (and later renamed Cepheid Cloud Control). However, the initial version of this
system has excluded patient identifying data, meaning that it would not support reporting of patient results.
Global initiatives by WHO and partners are underway to develop and implement standards for diagnostic
connectivity and promote interoperability of solutions [18, 19]. Furthermore, connectivity solutions are
needed for the entire range of laboratory tests in the diagnostic cascade. The list includes new rapid diagnostic
tests as well as more conventional approaches, such as culture, drug susceptibility testing and line-probe
assays [20]. Interconnecting these diagnostic devices, enabling the consolidated reporting of diagnostic test
results and integrating this information with clinical indicators are key challenges. The Connected Diagnostics
Initiative, initiated by FIND and the Innovative Support to Emergencies Diseases and Disasters (Sunnyvale,
CA, USA), is accelerating this process by providing technical toolkits and assistance for diagnostic
manufacturers, as well as developing open source platforms which are needed for data collection, access and
linkage to care. The Connected Diagnostics Initiative platform will be launched in early 2016, allowing
centralised aggregation of data from diagnostics regardless of manufacturer.
Successful implementation of such toolkits in a holistic way will involve a lengthy process of change
management at many levels, requiring commitment, a roadmap and pro-active champions.

Gaps in the TB care cascade
Without efficient processes in place to screen and refer presumptive TB patients for testing, and ensure
linkage of diagnosed patients to appropriate care and treatment (i.e. a test and treat strategy), the impact
of improved diagnosis will remain unrealised. Diagnostic delays are common and may be related to:
1) inadequate screening and referral for testing [21]; 2) test results not reaching care providers and
patients on time; 3) inefficient processes to recall patients and pre-treatment losses to follow-up; and
3) the need for referral and/or confirmatory testing for treatment initiation in some settings. Many
countries have also struggled to provide MDR-TB treatment services to keep pace with the roll-out of
improved diagnostics, at least partly due to the high cost of second-line drugs.
In most countries, data are not routinely collected to monitor the proportion of diagnosed patients who
start treatment or the time from diagnosis to treatment initiation (the “treatment gap”). The available data
suggest that treatment initiation following diagnosis is one of the weakest links in the cascade of care. In
South Africa this treatment gap is as large as 32–54% in drug-resistant TB patients [22].

Impact measurement: does Xpert MTB/RIF improve patient outcomes?
A minimal set of Xpert-specific impact data was available at the time of the WHO endorsement (e.g. time
to diagnosis) and data reviewed by WHO included a cost-effectiveness analysis and an affordability study
[23, 24].
Since 2011, a number of randomised controlled trials have been conducted to measure important patient
outcomes relevant to the roll-out of Xpert MTB/RIF [25–28]. A number of recent studies conducted under
routine programmatic conditions have shown that upfront drug susceptibility testing with Xpert has
dramatically improved access to MDR-TB diagnosis, with the number of MDR cases detected in adults
and children increasing by up to eight-fold, with a two-fold increase in the rate of bacteriologically
confirmed TB [26, 29–32]. Other studies have shown minimal early impact in mortality, and have been
interpreted as establishing an absence of impact on patient outcomes. However, mortality results of
published studies were largely inconclusive due to studies being underpowered to detect important effects
on mortality. Furthermore, high levels of empiric treatment among smear-negative TB suspects [31] may
have further reduced the effects of new diagnostics on outcomes. The benefits from reduced overtreatment
are hard to capture, and change in provider behaviour may be slow, an issue known from the use of more
sensitive rapid diagnostic tests in the diagnosis of malaria [33]. Perhaps most importantly, Xpert MTB/RIF
roll-out has not clearly defined the linkage of newly diagnosed patients to rapid treatment initiation and
follow-up, and this critical element has been largely at the clinician’s discretion. Thus, gaps at all stages of
the TB care cascade have undermined the impact of the Xpert technology.
Diagnosis of patients, particularly MDR-TB patients, has undeniably improved. However, more data are
needed to answer critical questions with respect to individual patient impact, public health impact
(including a broader transmission perspective), and the potential cost savings to the health system. For
novel diagnostic tools, countries need detailed guidance and decision-making tools, informed by
programmatic data, to design implementation strategies specific to their settings [34, 35]. Furthermore, the
roll-out of novel tools should be accompanied from the start by impact measurement within routine data
collection and guidance to providers on decision-making based on information from a test.
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Private sector access
Roll-out of new diagnostic technologies, including Xpert, has largely focused on the public sector.
However, the private sector plays a major role in TB care and treatment. For example, in India and
Pakistan 70–80% of first contact with health services occurs in the private sector [36]. SALJE et al. [37]
demonstrated that implementation of Xpert MTB/RIF in the public sector in India would have limited
impact on TB incidence. To ensure optimal impact it is necessary to engage the whole private healthcare
sector and provide adequate referral systems, improved treatment quality and increased resources across all
healthcare sectors [37].
However, the private sector is not yet eligible for concessional Xpert MTB/RIF pricing. The manufacturer
charges higher reagent and instrument prices for the private sector, and there are significant additional
costs, including import duties and margins imposed by distributors, intermediaries and laboratories. PURI
et al. [38] surveyed 12 highly privatised HBDCs and found no commercial availability of Xpert in the
private sector in six of the 12 countries. In the remaining six countries, the average price charged by
private laboratories was USD$68.73, with a range of US$30.26 to US$155.44. Thus, use of Xpert appears to
be price constrained and limited in the private sector, which undoubtedly translates into low levels of
access and blunted impact. There have been innovative attempts to improve access in the private sector.
For instance, engagement of private providers in Pakistan using a social franchising model has
demonstrated significant impact on patient care [39, 40]. The Initiative for Promoting Affordable and
Quality TB diagnostic tests in India has made Xpert nearly 50% more affordable than the prevailing
market price, with substantial increases in testing volumes in the private sector [38]. These strategies may
serve as a model for expansion within India and Pakistan, as well as other countries.

Lessons learnt to inform new test developers
The scale-up of Xpert has inspired diagnostic companies to invest in TB diagnostic development, and the
current TB diagnostics pipeline includes more than 50 companies developing new TB diagnostics, more
than 30 of which are molecular. Xpert roll-out has enhanced our understanding of target product profiles.
Considerations around clinical impact and operational aspects should be integral components of these
target product profiles [41]. It is also important for test developers to understand how novel diagnostic
tests will fit into multi-test algorithms for TB care.
The importance of integrating advances in information technology into the design of diagnostic platforms
cannot be overemphasised. There is increasing coordination of efforts to improve connectivity solutions in
many aspects of healthcare delivery, including prevention, diagnosis, data collection, treatment and
adherence monitoring, surveillance and supply chain management [42]. Product developers should
integrate connectivity hardware and software into their designs at an early stage in product development.

Lessons learnt to inform roll-out of future technologies
Several key lessons learnt from the roll-out of Xpert MTB/RIF may inform more efficient and effective
scale-up of other technologies, both in TB and other diseases (table 1).

Table 1 Lessons learnt to inform roll-outs of new technologies
A complete package of solutions including policy/regulatory, training, quality assurance, supply chain
management and connectivity needs to be available at product launch
Health system strengthening should be up-scaled in alignment with any expansion of diagnostic capacity,
with a focus on improving linkages to care and routine impact measurement
Planning and budgeting for diagnostics implementation, whether donor or government funded, should
include a comprehensive implementation approach including systems strengthening
Advocacy and information sharing among test operators, clinicians and the patient community is needed to
raise awareness of and demand for testing
Expanded engagement and concessionary pricing for private sector providers is needed to expand the
impact
Diagnostics connectivity is a pre-requisite for future technologies; successful implementation of
connectivity solutions will require processes of change at many levels, global commitment, a roadmap
and pro-active champions
Strong coordination, both globally among donors and partners, and within countries, between National
Tuberculosis Programmes, National AIDS Control Programmes and other stakeholders, is essential for
efficient rollout
Reliance on donor funding to support scale-up of new diagnostics should be reduced by advocating for
inclusion of costs in national government budgets
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Market priming and demand creation are also essential to ensure tests are used in the most cost-effective
way. Clinicians need to be sensitised on new diagnostic algorithms in order to drive appropriate use and
increase test uptake. Similarly, public health officials should work with patients and their communities to
gain their support in advocating for access to new technologies.
Rather than focusing on implementing a new technology, we advocate the need to consider a holistic packaged
solution approach. All components of the diagnostic solution must be available at the time of product launch
and effectively disseminated to countries. Countries must be actively engaged and supported to translate global
policy into an actionable implementation plan, with a clear framework for impact measurement. Critically, a
systems strengthening approach is essential for any new technologies, including true point-of-care platforms to
ensure patient impact, and an expansion of treatment capacity to meet the needs of an increase in diagnosed
patients, and must be tackled in parallel. Models for providing the appropriate level of support to countries in
scaling-up new technologies are being refined as a result of Xpert MTB/RIF implementation, to ensure that
support provided results in genuine local capacity strengthening and sustainable benefits.

Conclusion
New diagnostic technologies will play a critical role in improving TB control and the global targets envisioned
by the END TB Strategy [43]. Indeed, Xpert MTB/RIF has paved the way for meeting a key component of the
first pillar of the END TB Strategy; early diagnosis of TB including universal drug susceptibility testing.
However, diagnostic tests alone, if not implemented with a comprehensive package of accompanying tools
and within the context of a strengthened health system, may fail to demonstrate the expected benefit.
A strong focus on improving the entire TB care cascade, engagement of all health service providers (public
and private), and building country capacity for using local data for decision making are all required to
ensure an efficient and impactful introduction of next generation technologies. Connectivity solutions will be
integral to success. Adequate and early engagement of country leadership and preparation of systems for the
introduction of new tools are paramount. Finally, strong coordination of various stakeholders, advocacy from
patients and civil society, and political leadership both at the national and global level will be essential.
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