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Abstract
Purpose of Review This review summarizes major antimicrobial-resistant pathogens emerging globally, including mechanisms
of resistance and factors leading to acquisition of drug resistance in children. It further seeks to answer what steps should be taken
in resource-limited settings to curb spread of these resistant pathogens.
Recent Findings Prevalence of drug resistance bacteria is increasing in children. Resistance is primarily driven by antibiotic
overuse and misuse, amplified in developing countries by poor regulation and limited treatment options. The World Health
Organization has outlined a comprehensive approach to reduce antimicrobial resistance. Data among children in the developing
world are incomplete, but suggest this is a problem with huge healthcare costs.
Summary Prevention methods include classic sanitation, infection control, antimicrobial stewardship, as well as development of
new technologies and improved surveillance. Future research should focus on population benefits, cost effectiveness of different
approaches, and applying new technologies in a regulated way to the developing world.
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Introduction

Infectious diseases are among the most important causes of
death in children worldwide. In developing countries, mortal-
ity from infectious diseases accounts for nearly 80% of deaths
[48]. Antibiotics, combined with better sanitation and vac-
cines, have led to a dramatic decrease of infectious disease-
related deaths, especially in developed countries [9].

Antimicrobial resistance (AMR) is a natural phenomenon
that occurs when bacteria are exposed to antibiotics, to adapt,
and survive [91••]. They also have the capacity to transfer via

plasmids and other mechanisms to other species, which facil-
itates spread [15, 43, 67]. Over the past decades, AMR has
exponentially increased. Many bacterial infections that were
successfully treated in the past are now becoming untreatable
and fatal, making AMR one of the principal public health
problems worldwide [20, 52, 91••].

Many strategies have been proposed to counteract this in-
crease in AMR, and many of them are being implemented in
developed nations [30, 88, 93]. Although some prevention
efforts have been implemented in developing countries, little
progress has been made [13, 36, 46••], the gap is still wide
and, there is paucity of data in the pediatric population.

In this article, we review the concerning increase of AMR
and the prevention interventions for the most common bacte-
ria causing infections in children.We focus on recent available
literature addressing the rate of AMR and prevention efforts
that have been implemented in developing countries.

Major Resistant Pathogens in Pediatric
Infections

In 2013, the Centers for Disease Control & Prevention (CDC)
listed the most important threats in antibiotic resistance. This
was followed by a similar report from the World Health
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Organization (WHO) in 2017. Both included as serious
threats: (a) third-generation cephalosporin and carbapenem-
resistant Enterobacteriaceae (CRE), (b) MRSA, and (c)
nontyphoidal Salmonella, with the purpose to increase global
awareness and to encourage immediate actions worldwide to
address this problem [17, 95].

As discussed below, in developing countries, the most impor-
tant resistant bacteria that can lead to invasive infections in chil-
dren are MRSA, Escherichia coli, Klebsiella pneumoniae, and,
less frequently, nontyphoidal Salmonella. Other important threats
such as drug-resistant Streptococcus pneumoniae, Neisseria
gonorrhoeae, Mycobacterium tuberculosis, or vancomycin-
resistant Enterococci will not be discussed in this article.

a) Resistant Enterobacteriaceae: E. coli is the most frequent
cause of community and hospital-acquired urinary tract
infections. It is also a frequent cause of bloodstream in-
fections, intra-abdominal infections, meningitis in neo-
nates, and one of the leading causative agents of
foodborne infections worldwide.K. pneumoniae is partic-
ularly common in the healthcare setting, especially in vul-
nerable individuals, and can spread rapidly between pa-
tients leading to nosocomial outbreaks. It can cause
community-acquired infections as well, such as blood-
stream, urinary, and respiratory infections in neonates
[93]. The development of resistance to common antibi-
otics is associated with mutations in specific targets for
antibiotics (ribosomes, metabolism-related enzymes, own
DNA) or by horizontal acquisition of mobile genetic ele-
ments like plasmids or transposons [15]. One of the most
common resistance mechanisms affecting broad-
spectrum antibiotics is the production of beta-lactamases,
particularly extended spectrum beta-lactamases (ESBLs).
There are more than 900 different types of beta-
lactamases across different strains of Enterobacteriaceae
worldwide [68]. More recently, these bacteria have ac-
quired the ability to produce carbapenemases, becoming
resistant to virtually all available antibiotics, with few
options in the pipeline to treat these multidrug-resistant
organisms (MDROs) [51, 60].

b) Staphylococcus aureus is one of the most important hu-
man pathogens, causing a wide variety of infections in
any organ, particularly soft tissue, bone, and joint, and
bloodstream infections. It is also one of the most common
causes of healthcare-associated infections, particularly
surgical site infections. Antistaphylococcal penicillins
have been the mainstay therapy for S. aureus infections.
However, shortly after their introduction S. aureus be-
came resistant to these drugs by the acquisition of the
mecA gene which codes for a different penicillin-
binding protein conferring resistance to all active beta-
lactams; these strains are known as methicillin-resistant
S. aureus or MRSA. Over the last decades, MRSA has

caused both hospital- and community-acquired infec-
tions. Vancomycin has been the drug of choice for treating
MRSA infections and vancomycin resistance is still very
rare. There are several new treatment options for MRSA
that have been and are being developed; however, poten-
tial for acquisition of new resistance mechanisms is still
present [51, 86]. These agents are prohibitively expensive
and largely unavailable in low- and middle-income
(LMIC) countries.

c) Salmonella genus bacteria are a major cause of foodborne
illnesses. They are zoonotic pathogens that can be found
in the intestine of household, wild, and food-producing
animals. Infections are usually acquired by consumption
of water contaminated by human or animal feces or
undercooked food. While gastroenteritis is the most com-
mon disease, some strains can cause more invasive
disease-like enteric fever. Antibiotic resistance is usually
med i a t e d by mech an i sms s im i l a r t o o t h e r
Enterobacteriaceae. Although AMR is not as frequent in
Salmonella as opposed to E. coli and K. pneumoniae,
resistance to common antibiotics used in developing
countries like ampicillin, sulfonamides, and chloram-
phenicol has emerged, as well as resistance to
fluoroquinolones, especially in India and East Asian
countries. Ceftriaxone resistance is still rare; however,
with the global dissemination of ESBLs, there is concern
for losing this therapeutic option in the future [23•].

Factors Leading to Antimicrobial Resistance

Antimicrobial use is the single most important factor respon-
sible for the development of AMR. AMR rates increase not
only by the overuse but also by the misuse of antibiotics (in-
correct diagnosis, drug, dose, and adherence) [45•, 70]. When
those situations occur, susceptible bacteria are killed or
inhibited, while bacteria that harbor resistance mechanisms
to that specific antibiotic are able to survive and repopulate
[67]. Factors related to patient care in hospitals include the
lack of well-established antimicrobial stewardship and infec-
tion prevention programs, the increased use of antibiotics in
high-risk populations like immunocompromised hosts, the
frequent need for surgical procedures and invasive devices,
and the widespread use of prolonged therapies and antibiotic
prophylaxis [47•, 70, 88]. At the community level, self-
medication and the lack of regulations against over the counter
antibiotics, the abundance of poor quality drugs, the extreme
poverty in most developing countries, poor sanitation, subop-
timal immunization rates, malnutrition, and lack of access to
healthcare are also behind the emergence of AMR [13, 65,
70]. There are several interconnected factors related to the
use of antibiotics in humans and in agriculture and food-
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producing animals, which are involved in the continued in-
crease in AMR rates [13]. Very few developing countries have
regulations for using antimicrobial products in animals to pro-
mote growth, in crops, and as fertilizers [7, 56, 73]. Many of
these countries have nonpotable water that is frequently con-
taminated with bacteria that harbor several resistance mecha-
nisms and also with low concentrations of antibiotics from
wastewater and rivers [78]. Figure 1 summarizes the different
contributing factors to AMR, with potential interventions for
prevention.

Burden of AMR in Children from Developing
Countries

AMR is rising in healthcare and the community. Data from the
CDC in the USA report over two million cases of infection
with resistant bacteria with at least 23,000 deaths every year.
Overall economic burden of antibiotic resistance has been
estimated as high as $55 billion per year in the USA ($20
billion by direct healthcare costs and $35 billion for lost pro-
ductivity) and crude economic burden of 1.5 billion euros per
year in Europe [17, 88].

Resistance rates are overall higher in developing countries
attributed to the reasons mentioned above [10, 45•, 93 29].
However, the true prevalence of AMR in pediatric infections

in LMIC is difficult to establish because of the scarcity of data.
Many of the studies were observational and there are limita-
tions in diagnostics and inadequate surveillance systems in
many of these countries (Le Doare 2014) [36, 45•].

A literature review from 1990 to 2007 found only ten re-
ports related to children in developing countries (South
Africa, India, Papua New Guinea, Ethiopia, Kenya, Nigeria,
Philippines, Malawi, and Pakistan). Among the three major
pathogens, resistance to third-generation cephalosporins was
found in 19% of E. coli and 66% of K. pneumoniae, while
MRSA was rare [85]. A more recent systematic review of
antibiotic resistance rates among gram-negative bacteria in
children with sepsis in resource-limited countries, which in-
cluded over 70,000 children, showed overall 84 and 50% re-
sistance to cephalosporins in Asia and Africa, respectively
[46••]. Nontyphoidal Salmonella, another important pathogen
in blood stream infections in these regions, was found to be
multidrug-resistant (defined as resistance to ampicillin,
cotrimoxazole, and chloramphenicol) in 75% of the isolates
from Africa and 30% from Asia. Resistance was also noted at
37% to nalidixic acid and 10% to ciprofloxacin, while no
resistance to ceftriaxone was reported. Interestingly, that study
highlighted the paucity of international AMR surveillance da-
ta in resource-limited countries, especially in Latin American
countries.
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Increasing trends in AMR in neonatal sepsis have also been
observed. This is concerning, due to high rates of resistance to
the antibiotics that are frequently used empirically, such as
ampicillin and aminoglycosides [24, 36, 42, 83, 90, 99].
Lubell and colleagues reported high resistance to almost all
commonly used antibiotics in neonatal sepsis in S. aureus
and Klebsiella spp. in several places of Africa and Asia [50].
Additionally, in a multicenter descriptive study of community-

acquired neonatal bacteremia in six countries (Bangladesh,
Bolivia, Ghana, India, Pakistan, South Africa), with over 900
positive blood cultures, they found resistance to second- and
third-generation cephalosporins greater than 50% in E. coli
and K. pneumoniae and 11% in MRSA [34].

Several studies with specific data from countries grouped
by WHO defined regions are presented in Table 1. In recent
years, resistance to carbapenems has emerged and spread fast

Table 1 Recent studies reporting antimicrobial resistance among children in low- and middle-income countries

WHO region Reference Surveillance period Sample/isolation site No isolates % resistance founda

Africa

Nigeria [63] 2006–2008 Blood 310 3GC: E. coli 10%, nontyphoidal Salmonella 30%,
K. pneumoniae 70%

[37] 2010 Blood (HIV+) 32 3GC: E. coli 3%, K. pneumoniae 95%

Tanzania [41] 2009 blood 300 3GC: gram-negatives 50%

MRSA 28%

[1] 2015 Urine 84 Gram-negatives: ampicillin 98%, amoxicillin
clavulanic acid 85%, gentamicin 58%,
ciprofloxacin 11%, 3GC 50%

Ethiopia [31] 2015–2016 Blood 117 56% MDR in gram-negatives
(ampicillin 84.6%, ceftriaxone 56.4%,
cotrimoxazole 43.5%); 25% MRSA

Cameroon [19] 2008–2009 Blood 218 Gram-negatives: ampicillin 60.6%,
gentamicin 81.1%, ceftazidime 31.1%,
ciprofloxacin 14.7%, imipenem 8.3%

Americas

Brazil [22] 1993–2002 Blood 1656 3GC: E. coli 19%, K. pneumoniae 64%

MRSA 11.7%

Colombia [21] 2002 Blood 59 3GC: E. coli 40%, K. pneumoniae 75%

[16] 2010 Nasal swab 36 MRSA 25%

[80] 2008–2009 Multiple 39 MRSA 60%: isolates from bone/joint, skin
and soft tissue, lung

Uruguay [66] 2003–2006 Multiple 125 MRSA 76%: isolates from blood, bone,
cerebrospinal, pleural, synovia

South East Asia

Pakistan [39] 2011–2012 Multiple 670 3GC: E. coli 13%. Isolates from blood, urine,
cerebrospinal, sputum, pleural fluid

Bangladesh [72] 2009–2011 Urine 203 3GC: E. coli 50–63%

[59] 2010 Blood 194 Gram-negatives: ampicillin 96%,
cephalexin 89%, ciprofloxacin 42.8%,
imipenem 8.2%

India [77] 1994–2003 Blood 173 3GC: K. pneumoniae 58–100%

MRSA 37%

[40] 2008–2010 Blood 131 Gram-negatives: ampicillin 97%, cephalexin 90%,
aminoglicosides 50–60%,
ciprofloxacin 63%, imipenem 7%

Nepal [71] 2008 Nasal swab 184 MRSA 56%

Eastern Mediterranean

Jordan [4] 2008 Urine 113 E. coli: ceftazidime 22%, quinolones 14.5%

Kuwait [35] 2005–2009 Invasive isolates 54 3GC: E. coli 28%, K. pneumoniae 24%;
Gentamicin E. coli 25%, K. pneumoniae 25%

a 3GC: third-generation cephalosporins
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all over the world [60]. Carbapenem-resistant Acinetobacter
baumannii, Pseudomonas aeruginosa, and CRE have been
reported in children as well. Several reports from developing
countries especially in Latin America and Asia quote resis-
tance rates to carbapenems ranging from 10% to higher than
50% of the isolates [8, 18•, 22, 27, 29, 75, 76, 79, 84, 87].
These concerning data underscore the urgency of deploying
and implementing multiple efforts in the developing world to
preserve one of the last resources to treat these infections.

WHO Global Action Plan on Antimicrobial
Resistance

The WHO has recognized AMR as an emerging threat that
will undermine improvements made in public health over the
past several decades. There is potential for emergence of pre-
viously controlled infections, as well as untreatable infections
in a “post-antibiotic world.” In response, the May 2015World
Health Assembly published a global action plan which
outlined five objectives to curtail increasing resistance
[94••]. It also emphasized the importance of coordination be-
yond the health system to include government, commerce,
and the agricultural industry as partners in this effort. The five
pillars of this strategy are as follows.

1. Improve awareness and understanding of AMR through
effective communication, education, and training

2. Strengthen the knowledge and evidence base through sur-
veillance and research

3. Reduce the incidence of infection through effective sani-
tation, hygiene, and infection prevention measures

4. Optimize the use of antimicrobial medicines in human
and animal health

5. Sustainable investment in new medicines, diagnostic
tools, vaccines, and other interventions

Prevention Strategies to Reduce
Antimicrobial Resistance

1. Improve awareness and understanding of AMR through
effective communication, education, and training.

AMR should be included as a core component of profes-
sional education, not only for medical practitioners but also
for pharmacists and agricultural training. In addition to train-
ing professionals, public education efforts should attempt to
increase awareness.

Studies have shown that pharmaceutical drug promotions
can have an impact on the request of prescription drugs and
that physician prescription can be affected by interactions with

pharmaceutical companies [49]. A review study of the inter-
actions of the pharmaceutical industry with physicians from
developing countries showed that physicians view interaction
favorably as a means of acquiring new and reliable informa-
tion about the drugs they prescribed but few acknowledged
that their prescribing habits can be influenced [49]. This in-
formation is important for policy-makers and educators in
curtailing unnecessary antibiotic use by educating clinicians
and influencing their interactions with pharmaceutical compa-
nies in developing countries.

2. Strengthen knowledge and evidence through surveil-
lance and research

Active surveillance methods regarding incidence, preva-
lence, and geographic patterns should be implemented at the
local, national, and regional levels to guide best treatment
practices and detect emergence of new resistance. Basic sci-
ence research into the mechanisms of resistance may offer
new tools to diagnose resistance or treatment modalities.
Understanding the relationship of human pathogens to animal
and environmental microbes may inform smarter policies.

Overall, reviews in prevention strategies acknowledge
the lack of data regarding the various approaches in
preventing MDRO infections. Methodological study de-
signs are needed when randomized controlled trial designs
are not feasible. Additionally, more studies are needed in
district and rural hospitals in developing countries, and this
will require substantial improvements in bacteriological
services and surveillance in such settings. Understanding
local or regional trends helps to identify which types of
interventions are likely to have the most impact. For in-
stance, rates of clindamycin resistance in MRSA vary widely
from center to center. While one study in Argentina recently
reported only 9% of MRSA isolates in children, another study
in Taiwan reported nearly 80% resistance [69, 89].
Surveillance over time is similarly important, as resistance
frequently evolves [82].

One important, but often neglected, area of research is the
financial cost of AMR. Analyses are available for revenue-
driven health systems, such as the US market [17], but few
data are available for the developing world. Alsan et al. con-
ducted a unique economic modeling with WHO data and de-
termined that co-payments in the public sector, which are
intended to curtail inappropriate antibiotic use, actually drive
patients to purchase out-of-pocket from an unregulated private
market with truncated courses or cheaper inappropriate treat-
ments [3].

3. Reduce the incidence of infection through effective
sanitation, hygiene, and infection prevention measures

Recognizing that the most serious resistant infections are
related to healthcare facilities, implementing and monitoring
hygiene and infection control methods continue to be

Curr Trop Med Rep (2018) 5:5–15 9



mainstay of reducing spread of resistant pathogens. Critical to
controlling the spread of MDROs within hospital environ-
ments is the reduction of hospital-acquired infections
(HAIs). Resource-limited countries have higher rates of cen-
tral line-associated bloodstream infections (CLABSIs),
catheter-associated urinary tract infections, and ventilator-
associated pneumonias (VAPs) than high-income countries
[74]. Some factors contributing to these higher rates include
crowded wards, insufficient hand hygiene infrastructure, open
stopcocks, and use of multiuse vials. The International
Nosocomial Infection Control Consortium (INICC) adapted
recommendations published by the Society for Healthcare
Epidemiology of America (SHEA) and the Infectious
Diseases Society of America (IDSA) into a protocol that can
be implemented in the developing world [38••]. These include
practice bundles of infection control practices, education, sur-
veillance programs, as well as performance feedback of the
implemented infection control practices. The effectiveness of
this protocol was assessed in a multicenter study in the pedi-
atric intensive care units of five developing countries [74]. It
showed that these bundle of interventions reduced the rate of
CLABSI by 52% and that the INICC recommendations can be
implemented in pediatric settings as well. Similar findings
were shown in a study regarding the implementation of
INICC guidelines in hospitals in Colombia including two
PICUs, where the rate of CLABSIs in the PICUs was reduced
by 51% [5]. A systematic review of various interventional
studies evaluated the impact of utilizing hand hygiene, antibi-
otic stewardship, and other practices in reducing HAIs in de-
veloping countries [61••]. Of the 34 identified studies, only 10
involved pediatric patients. Overall, the review found that
hand hygiene practices had the strongest impact in reduction
of HAIs but most of the time theywere bundled with a number
of other measures.

Vaccination should be encouraged to reduce infections
that drive antimicrobial use. Reduction or elimination of
major diseases can shift epidemiology such that choices
of empiric treatment can change [100]. For example,
pneumococcal conjugate vaccine in children quickly re-
duced the incidence of not only invasive pneumococcal
infections but also routine otitis media, with a shift away
from penicillin-resistant vaccine strains to less resistant
nonvaccine strains [6, 44, 57]. These epidemiologic shifts
require close surveillance, however. Serotype shifts in cir-
culating pneumococci have led to emergence of new dom-
inant strains, sometimes with resistance [32]. In France, a
campaign to reduce antibiotic use coupled with this emer-
gence of new strains likely led to an increase in incidence
of pneumococcal meningitis [25].

Sanitation and water safety are key to reducing envi-
ronmental reservoirs. Untreated waste water, particularly
in urban areas, contributes to environmental presence of
drug-resistant bacteria, including the super-resistance to

last-resort antibiotics. [33, 53]. This can potentially lead
to asymptomatic colonization with these organisms in a
population [92].

4. Optimize the use of antimicrobial medicines in human
and animal health

Excessive antibiotic use is the primary driver of resis-
tance. Empiric therapy when diagnostics are not available,
over-prescription, under-dosing, self-treatment, and unreg-
ulated agricultural use have all been implicated [20, 92].
Antimicrobial stewardship should include evolving prac-
tice guidelines to better match local epidemiology.

There are limited data on the impact of antimicrobial
stewardship interventions in pediatric care settings. A pro-
spective study in a pediatric ward and PICU in Indonesia
evaluated the combined use of hand hygiene and antimi-
crobial stewardship interventions [62••]. A simple
antibiotic-laminated card based on recommended treat-
ments in the WHO Pocket Book of Hospital Care for
Children [96] and teaching modules were developed.
The authors found that a reduction in HAIs was observed
from a rate of 22.6 to 8.6% over 1 year. The compliance
hand hygiene rate increased significantly for all health
workers. The overall use of antibiotics did not change,
but fewer patients were exposed to inappropriate treat-
ment by the implementation of an antimicrobial steward-
ship program. Even clinician awareness campaigns and
behavioral interventions can have a positive effect [54,
81]. In a comparative trial of different interventions in
primary care practices, reporting to clinicians how their
antibiotic prescribing compared to peers and requiring
written justification for antibiotic prescriptions had the
greatest reductions in inappropriate antibiotic use ranging
from 11 to 18% reductions [55•].

The role of clinical practice guidelines (CPGs) in driving
appropriate antibiotic choice is possibly one of the most fea-
sible approaches in resource-limited settings. To date, most
CPGs have been based on WHO or professional society
guidelines. Ideally, these should be adapted to the local set-
ting, based on pathogen surveillance, and evaluated with on-
going surveillance. For example, concerns for resistance often
drive broad empiric antibiotic coverage for pediatric fever.
However, based on a critical evaluation of appropriate antibi-
otic coverage at one center in the USA, use of a third-
generation cephalosporin would have been unnecessary in
more than 80% of proven serious bacterial infections in in-
fants [14]. Likewise, DeMan reported a cross-over design
comparison of two empiric antibiotic strategies for neonatal
sepsis and found an 18-times higher risk of subsequent colo-
nization with resistant enteric bacilli in the arm that included
cefotaxime [26]. Studies such as these should be used to up-
date treatment guidelines and to guide procurement in health
system formularies in LMIC.
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The use of antibiotics that are not prescribed by a provider
is common practice in developing countries. Patients may
purchase antibiotics based on their own knowledge or as rec-
ommended by a pharmacist. This is especially problematic
when a patient has limited finances to purchase a full course,
leading to incomplete treatment or under-dosing [3]. Retail
pharmacies may be driven by a desire to sell a medication
with a better profit margin, rather than the most effective
narrow-spectrum drug. A systematic review and meta-
analysis of the factors that contribute to self-medication found
that level of education, income, and past successful use were
contributors. Among the diseases for which antibiotics were
used, the common cold accounted for about half [64]. A study
in India assessed the knowledge of local health practitioners in
rural areas regarding the diagnosis and treatment of pediatric
diarrhea and pneumonia [58]. It found that 20.9% of the time,
there was unnecessary antimicrobial prescription for diarrhea
and 43.8% for pneumonia reflecting the general trend of
overprescribing antibiotics. Pharmaceuticals should be moni-
tored to ensure product quality, and retail pharmacies regulat-
ed to reduce self-treatment. The WHO has established a
Substandard and Falsified Medical Products system to work
with countries to ensure regulation and quality products, but
its mechanism is still in development [20, 97].

5. Sustainable investment in new medicines, diagnostic
tools, vaccines, and other interventions

Stimulating investment in new medicines, diagnostic tools,
and vaccines may require funding driven by a public health
approach rather than continuing to rely on sales revenues.
Economic impact assessments are direly needed. Although
dozens of new antibiotic agents have been developed since
2000, including a couple of new classes, few have made it to
commercial markets and certainly not at prices accessible to
LMIC [12••, 51]. Priority should be given to those agents
relevant to high-burden countries and funding schemes to
make these agents available [95].

Diagnostic tools have potential to play perhaps the most
crucial role in prevention. If excessive or inappropriate antibi-
otic use is driven by empiric treatment of suspected bacterial
infections, rapidly identifying nonbacterial illnesses and accu-
rate and early identification of bacterial pathogens are the keys
to curbing it. As infection surveillance programs in resource-
limited settings consider how to thoughtfully allocate labora-
tory resources, it is worthwhile to examine the cost-efficiency
of traditional culture-based systems versus molecular testing
that could allow for rapid diagnosis.

There are valuable lessons to be learned in thoughtful devel-
opment involving numerous sectors from the past decade with
the rollout of Xpert MTB/RIF (Cepheid Inc., Sunnyvale, CA,
USA), which has revolutionized tuberculosis diagnosis in
resource-limited settings. Utilizing a commercial product, along
with academic collaboration, optimized combining detection and

susceptibility testing. Most importantly, research and donor
funding was leveraged to negotiate a pricing scheme that prior-
itized use by the public health sector in resource-limited countries
and promoted a regulatory environment to ensure rapid imple-
mentation [2]. By December 2016, 89% of eligible high-burden
countries had these instruments in place [98•]. Sustainability of
these laboratories will depend on a shift from donor to govern-
ment funding for the public sector and adoption by the private
market to further subsidize discounts for high-burden countries.
This scale-up of new technology also means that laboratory in-
frastructure has been established in the developing world. There
are already several other cartridges available for the Xpert plat-
form, including healthcare-associated pathogens, such asMRSA,
VRE, and Clostridium difficile, as well as important pathogens
that drive antibiotic use such as respiratory pathogens and STDs.
There are also several new assays that can be applied directly to
sample specimens with minimal processing. Buchan and
Ledeboer recently wrote a detailed overview of emerging diag-
nostic tests, many of which could offer useful alternatives to
culture-based microbiology in LMIC [11••, 28]. It is time to
examine the cost-effectiveness of these systems.

Conclusions

AMR is an ongoing public health threat, particularly in the de-
veloping world where infectious diseases have a high incidence
and treatment options are already limited. The indiscriminate use
of antibiotics is the primary driver of resistance. Children have
largely been overlooked in surveillance, but pediatric respiratory
and gastrointestinal infections are a major source of community
and hospital antibiotic use. High rates of AMR, especially among
gram-negative organisms, are being reported in children in all
regions globally, including multidrug pan-resistant organisms.
The WHO has outlined a multifaceted strategy for combating
this growth threat, but implementation is lagging. Although
funding of new drugs and new diagnosticmodalities is ultimately
needed to address the problem, there are still areas for improve-
ment in well-established infection control, sanitation, and antimi-
crobial stewardship practices. Regulation of antibiotics is also a
critical area that should be addressed immediately to curb over-
the-counter and agricultural antibiotic use that lead to population
spread of resistance. Finally, cost-effectiveness analyses are dire-
ly needed to demonstrate to governments and policy-makers the
value of investment in prevention strategies.
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