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Abstract

Antimicrobial resistance is projected to kill 10 million people by 2050. The biggest driver of antimicrobial resistance is exces-
sive/unrestricted use of antimicrobials in humans and animals. Antimicrobial resistance is a problem in all types of pathogens
including bacteria, mycobacteria, viruses, fungi, and parasites both globally and India and in both adults and children. The
areas of greatest concern for India is the epidemic of MDR and XDR tuberculosis and resistance in gram-negative pathogens.
The alarming rate of extended spectrum beta lactamase (ESBL) production in Enterobacteriales in both community and
health care—associated infections is driving carbapenem use. Rates of carbapenem resistance are now significantly high in
health care—associated gram negative pathogens with associated high mortality rates. The key solution to this antimicrobial
resistance crisis needs participation of all stakeholders and lies in promoting rational antimicrobial therapy.
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Introduction

The pandemic of COVID-19, the worst public health crises
in over a century occupies our entire mindspace at this time.
This article is to remind the readers of the “other” pandemic
of antimicrobial resistance (AMR)! Antimicrobial resistant (AR)
pathogens are projected to kill 10 million people annually
by the year 2050 as against 700,000 per year currently [1].
India is and will be one of the worst affected countries. The
drug pipeline is rapidly drying up with few new drugs on the
horizon. Hence, it is crucial that we do whatever possible
to try and avert/mitigate the AR crises. While the problem
of AMR cuts across all microorganisms including bacteria,
mycobacteria, viruses, fungi and parasites, the focus here
shall be on antibacterial resistance in Indian children.

Mechanisms of AR [2]

AR in pathogens can be innate or acquired. Examples of
innate resistance are resistance in Klebsiella to ampicillin,
enterococcus to cephalosporins, etc. Acquired resistance is
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due to selection pressure exerted by an antimicrobial which
wipes out the sensitive strains and leads to selective prolifera-
tion of the resistant strains. Mechanisms for antibiotic resist-
ance include production of inactivating enzymes (e.g., beta
lactamases, aminoglycoside modifying enzymes), drug efflux
(resistance to macrolides, meropenem), inhibition of drug
entry (resistance to imipenem), target modification (resistance
to methicillin) and alteration of metabolic pathway (resistance
to cotrimoxazole). Resistance may be chromosomally or plas-
mid mediated and multiple mechanisms for resistance to one
drug/multiple drugs coexist in the same pathogen.

Why Does Antimicrobial Resistance Occur?

Antimicrobial overuse is the biggest driver for AMR by
exerting selection pressure [3]. Remarkably, while about one
third of the total antibiotic use is in humans, two third is in
animals primarily for growth promotion [4]. Environment
contamination with antimicrobials due to improper handling
of human excreta, contaminated effluent from hospitals/
pharmaceutical companies and use of biocides in agricul-
ture also drives AMR [4].
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What Are the Reasons for Antimicrobial
Overuse?

India is one of the biggest consumer of antibiotic globally
with 10.7 units/person annually [5]. Understanding the
underlying reasons and the magnitude of the problem is
crucial to devise corrective measures. Overuse is due to two
main factors [3].

e High burden of infections which in turn is due to low
immunization rates, lack of good water and sanitation,
poor hygiene, overcrowding, air pollution, malnutrition,
other environmental factors that lead to increased preva-
lence of vector borne diseases and poor infection control
in hospitals.

e Irrational/Excessive use of antibiotics which in turn is
due to poor prescriber knowledge, pressure from par-
ents/caregivers, over the counter (OTC) availability of
antibiotics, low costs of antibiotics, pressure from phar-
maceutical companies, fear of medicolegal repercussions
for missing a diagnosis and often in order to circumvent/
avoid investigations. Availability of substandard antibi-
otics lowers treatment efficacy and also contributes to
resistance.

A recently published study which looked at outpa-
tient antibiotic prescriptions in the private sector in India
through IQVIA reported 519 million annual prescriptions
in 2013-2014, with rate of 412 prescriptions/1000 person
years (approximately one out of two people) [6]. Notably
the rate was highest in children aged 0—4 y and 20% of the
prescriptions were for upper respiratory tract infections and
10% for other primarily nonbacterial illnesses such as cough,
nasopharyngitis, asthma, etc. Hence, this study and other
similar ones indicatetremendous scope to reduce antibiotic
use in the community.

The pandemic of COVID-19 has further worsened India’s
antimicrobial crises with unrestricted prescriptions of
hydroxychloroquine, azithromycin, doxycycline, ivermectin
in the community and excess use of antibiotics in hospital-
ized patients due to secondary infections [7, 8].

Current Burden of Antimicrobial Resistance
in Indian Children

Resistant bacteria can be mono drug resistant, multidrug
resistant (MDR), extensively drug resistant (XDR) and pan/
total drug resistant (PDR/TDR) [9]. MDR refers to resist-
ance to at least one antimicrobial agent from three or more
classes, XDR refers to resistance to all except drugs in 2
classes, while PDR refers to resistance to all available drugs.

Resistance in Community-Acquired Pathogens
S. pneumoniae

Pneumococci are responsible for about 10% of the one
million under 5 childhood deaths annually in India [10].
Pneumococcal resistance to beta lactams is by alteration
of penicillin binding protein (PBP). Breakpoints for defin-
ing resistance to penicillin and cephalosporins were revised
downwards for meningeal isolates and upwards for non-
meningeal isolates in 2008 [11]. Resistance in pneumococci
is increasing in India. Singh et al. in a review of 7 studies in
children below 5 y (2009-2016) reported the incidence of
resistance to penicillin as 10% and to cefotaxime as 4% [12].
In the ASIP study in children below 5 y which included 361
isolates, penicillin resistance was 8% and no cephalosporin
resistance was reported [13]. However, the largest retrospec-
tive study till date is from CMC, Vellore (861invasive iso-
lates in both adults and children, 2008-2016) [14]. Among
the 663 nonmeningeal isolates only 1 was fully resistant to
penicillin and 3 showed intermediate resistance. Of the 148
meningeal isolates, the overall penicillin resistance was 43%
(increased from 9.5% in 2008 to 43% in 2016) while the over-
all cephalosporin resistance was 15% (increased from 4.7%
in 2008 to 28.5% in 2016). This study triggered the change
in ICMR guidelines for empiric treatment of bacterial men-
ingitis to include vancomycin along with ceftriaxone [15].

S. aureus

Community acquired (CA) S. aureus is responsible for
skin, soft tissue, bone and joint infections and pneumonia
in children. There is a rising prevalence of methicillin resist-
ance in CA pathogens through PBP alteration. The ICMR
AMR report of 2020 [(2251 isolates sent from the outpatient
department (OPD of sentinel sites) reports the prevalence of
MRSA (methicillin resistant S. aureus) as 38% (cotrimoxa-
zole and clindamycin resistance rates in the MRSA isolates
was 30% and 35%, respectively)] [16]. The prevalence of
MRSA in childhood pyoderma was reported as 20% in a
study from Pondicherry [17]. Nasal colonization by MRSA
was reported in 29% in one study in children from Central
India [18]. The rising prevalence of CA MRSA supports the
empiric use of anti MRSA drugs in serious cases of SSTI
(skin and soft tissue infections), bone and joint infections
and necrotizing pneumonia in children.

Salmonella enterica
It is estimated that there an estimated 2.1-3.4 million

cases of typhoid and paratyphoid annually in India and S.
enterica contributes to 10% of all fever cases admitted to
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hospital [19]. Prevalence of fluoroquinolones resistance is
now more than 90% [20]. Though there is return of sus-
ceptibility to older drugs including ampicillin, cotrimoxa-
zole and chloramphenicol, these drugs are rarely used in
treatment due to fear of adverse effects. Commonly used
drugs are the third generation cephalosporins (cefixime and
ceftriaxone) and azithromycin. Sporadic reports of cepha-
losporin resistance due to production of a novel ESBL and
azithromycin resistance are now being reported in India
[21, 22]. The danger of spread of these XDR strains is a
“gathering storm” [23].

Shigella Species

Shigella causes nearly 5%—10% of all diarrhea in children
below 5 y of age in developing countries including India
[24]. Apart from resistance to cotrimoxazole and ampicillin,
there is high prevalence of resistance to fluoroquinolones
in India. Hence antimicrobial choices for bloody diarrhea
in India include cefixime and azithromycin. Resistance to
cephalosporins is emerging and transfer of this plasmid
borne resistance to other enteric pathogens is an area of
concern [25].

E. coli

E. coli is the most common cause of CA urinary tract and
intraabdominal infections in children. There is increasing
prevalence of ESBL in CA E. coli infections with one report
from Chennai reporting 40% prevalence of ESBL in child-
hood UTI (urinary tract infections) [26]. Another study from
rural central India which studied stool samples collected
over 2 y in 125 children aged 1-3 y (7 samples per child
and 6 isolates per sample; 4764 isolates) reported fecal E.
coli resistance rates of 100% to ampicillin, 40% to mero-
penem, 4% to colistin per child, ESBL rates of 99% and
MDR rates of 100% (if we consider the child over the entire
study period) [27]. The rising resistance in E. coli has resulted
in increasing use of BL-BLI (beta lactam-beta lactamase
inhibitor) combinations/carbapenems in critically sick chil-
dren with CA UTV/intra-abdominal sepsis.

Neonatal Sepsis

AR in neonatal sepsis is a cause of serious concern. A
community based study on neonatal sepsis from South
Asia (2011-2014, which included rural sites in Odisha
and Vellore) reported susceptibility to ampicillin and or
gentamicin ranging from 50%-100% [28]. In sharp con-
trast, two large hospital based studies from New Delhi
(inborn and out born neonates respectively, 1400 isolates
together) reported very high resistance rates [29, 30]. The
commonest pathogens were gram negative (Acinetobacter,

Klebsiella, E. coli the top three) with ESBL, MDR and
carbapenem rates varying between 15 and 82% (lowest in
E. coli and highest in Acinetobacter). Candida contributed to
almost 25% of all isolates in the out born neonate study
(even in term infants and those with birth weight > 1.5 kg)
possibly reflective of high rates of antibiotic use in the
community.

Health Care-Associated Pathogens

HAIs (Health-Care associated infections) are usually seen in
children in the critical care unit, children undergoing cancer
chemotherapy, following surgery and other invasive proce-
dures. The predominant pathogens in the Indian setting are
gram negative followed by gram positive and Candida [16].

Gram-Negative Pathogens

The usual gram negative microbes causing HAI are Kleb-
siella, E. coli, Acinetobacter and Pseudomonas [16]. Stud-
ies have shown ESBL rates excess of 80% in these patho-
gens [31]. Most of these ESBL isolates are MDR as they
are often co resistant to quinolones, aminoglycosides and
other classes. The high MDR rates have resulted in increased
use of carbapenems which in turn has stemmed carbapenem
resistance and XDR [32]. Most of the carbapenem resistance
is mediated by carbapenemases and less often by efflux and
porin mechanisms. The most common carbapenemases in
the Indian setting are NDM and OXA unlike Europe and
USA where KPC predominate [33]. The NDM producing
isolates are characterized by high meropenem MICs (mini-
mum inhibitory concentrations) and ineffectiveness of new
BL-BLI inhibitors such as ceftazidime avibactam. Besides,
many of the salvage drugs for XDR infections such as
tigecycline and minocycline are not approved in children.
Spiralling carbapenem resistance is driving excess use of
polymyxins resulting in emerging polymyxin resistance [34].

The recently published report from ICMR reports
extremely high resistance rates from sentinel ICUs in both
adults and children in 2020 (Fig. 1) [16]. At the author’s
institution, resistance rates in children were lower than adults
in 2020 (resistance to BL-BLI (beta lactam-beta lactamase
inhibitors) 40% versus 80% in adults, resistance to carbap-
enems of 20% versus 60% in adults, colistin resistance 0%
versus 20% in adults) (unpublished data). Resistance rates in
HAI therefore vary widely and each unit should generate its
own antibiogram to guide empiric therapy of HAIL

Gram-Positive Pathogens

ICMR reports 50% of nosocomial S. aureus as methicillin
resistant in the year 2020 [16]. Few centers are now reporting
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Fig. 1 Antimicrobial susceptibility of ICU pathogens in adults and children, ICMR 2020 report [16]

high vancomycin MICs of 2 pg/mL (though classified as sen-
sitive, this MIC is often associated with failure of therapy)
[35]. The prevalence of vancomycin intermediate S. aureus
(VISA) and vancomycin resistant S. aureus (VRSA) is low in
India. Linezolid resistance is being sporadically reported in
S. aureus due to widespread misuse [16]. Coagulase negative
staphylococci (CONS) are mainly implicated in blood stream
infections in NICU and PICU and in CSF shunt infections;
more than 80% of nosocomial CONS isolates are methicillin
resistant [16]. Enterococci are emerging nosocomial pathogens
causing blood stream infections with increasing prevalence of
vancomycin resistance [16].

Solutions to the Problem of Antimicrobial
Resistance

The solution to the problem of antimicrobial resistance
is complex and involves prevention of infections (which
will indirectly reduce antibiotic use), tracking of AMR
(currently being effectively done by ICMR), promotion
of rational antimicrobial therapy and development of new
drugs [3].

Prevent Infections

This strategy apart from reducing AMR will also reduce
childhood morbidity and mortality. The key interventions
here are improving immunization services and provision of
safe water, improving sanitation, reducing environmental
pollution, promotion of hand hygiene, breast feeding and
improving nutrition. While pneumococcal and rotavirus
vaccines are being introduced in the national program in
a staggered manner, introduction of typhoid vaccines is
also a priority [36].

Hospital Infection Prevention and Control is another
key intervention area. Good hospital infection control
practices reduce the occurrence of infections due to MDR/
XDR pathogens and thus favorably impact resistance rates
to high end antibiotics. All neonatal and pediatric ICUs
(intensive care unit) must have a comprehensive infection
control program which should include the following [37].

e Hand hygiene policy
e Prevention bundles for catheter related blood stream
infections (CLABSI), health care associated pneumonia
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Fig.2 Schematic representa-
tion of some interventions to
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(HAP), catheter related urinary tract infections (CAUTI)
and surgical site infections (SSI).

e Policies for environmental infection control (air, water
and surfaces).

e Isolation policies including contact isolation for patients
colonized/ infected with carbapenem-resistant pathogens,
MRSA, VRE (vancomycin resistant enterococci).

e Tracking of sentinel infection rates including CLABSI,
CAUTI, HAP, and SSI rates and comparison with bench-
marks.

e Mechanism for real time detection and management of
outbreaks [38].

Active involvement of the neonatologist/pediatric criti-
cal care specialist with the clinical microbiologist and nurs-
ing is integral to drive a good infection control program.

Promotion of Rational Antimicrobial Therapy (Fig. 2)

This involves all stakeholders including the government,
pharmaceutical industry, professional bodies, health care
professionals, media and the public [39, 40].

The role of the government and regulatory agencies
involves appropriate legislation to control use of antibiotics
in animal industry (colistin use in animal feed was recently
banned), regulation of OTC availability of antibiotics (some
steps are being taken in this direction), curbing irrational
combinations of drugsand substandard generic drugs (this
needs more attention), promotion of media campaigns about
antimicrobial resistance and dangers of antibiotic overuse
(akin to campaigns about tuberculosis and COVID-19),
introduction of AMR/rational antimicrobial use in teach-
ing curriculum for undergraduates and post graduates etc.
Linking renewal of medical licenses to training in antimi-
crobial therapy will help upgrade knowledge of practicing
medical professionals. Making cheap and point of care

diagnostics available will also rationalize antimicrobial
therapy by facilitating accurate diagnosis. Formulation of
standard treatment guidelines to manage infections and dis-
semination of the same to the medical community is crucial
(one such guideline was recently published by ICMR) [15].

Professional bodies have a key role to play in educat-
ing their members about rational antimicrobial therapy. The
Indian Academy of Pediatrics has taken several steps in this
direction in the past decade with development of teaching
modules, formulation of guidelines and publication of books
[41]. The public should also behave responsibly and avoid
self-medication and OTC use of antibiotics. The pharma-
ceutical industry should practice restraint while promoting
their portfolio, avoid giving incentives to doctors for antibi-
otic prescriptions and reinforce the principle of stewardship
while interacting with doctors.

While all the above mentioned measures cut down antibi-
otic abuse in the community, a hospital based antimicrobial
stewardship programs (AMSP) is integral to cut down anti-
biotic misuse in the hospital setting and is discussed further.

Hospital-Based Antimicrobial Stewardship Program
(AMSP)

Setting up of AMSP is now considered a pre requisite for
hospital accreditation. Comprehensive guidelines for set-
ting up AMSP have been published by ICMR and Infec-
tious Disease Society of America [42, 43]. Guidelines for
setting up a pediatric AMSP have also been published [44].
The antimicrobial stewardship team is usually led by the
clinical microbiologist and an infectious disease specialist
or a physician/pediatrician with interest in infectious dis-
ease. The other members of the team are clinical pharmacist/
pharmacologist, infection control nurses, quality managers
and a representative from the hospital IT system. Other sup-
porting members of the AMS committee include surgeons,
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critical care physicians, emergency physicians and hemato
oncologists. The core team should be made accountable and
reimbursed for time spent in stewardship activities to ensure
continuity and effectiveness of the program.

The next step is formulation of guidelines for various
infections which includes those for community based infec-
tions, surgical prophylaxis and health care associated infec-
tions. The guidelines for HAI should be based on the local
antibiogram and updated regularly. All treatment guidelines
should include culture methods, choice of empiric therapy,
modification of further therapy, escalation and de-escalation
and dose and duration of antimicrobials. Once the guidelines
have been developed they should be disseminated among the
stakeholders through seminars, posters, booklets and even
smart phone based applications. Knowledge of the AMS
program should be tested on a regular basis by quizzes and
games with prizes.

Audit of antimicrobial use is an integral part of the pro-
gram. There are two such strategies; one is front end strat-
egy in which prescription of a high end antibiotic requires
clearance from the clinical microbiologist/infectious disease
specialist. This is however not the preferred strategy since it
may not be possible to withhold high-end antibiotics from a
very sick patient and has found poor acceptance. Therefore,
the strategy most commonly adopted is a back end strategy.
Here the use of certain high end antibiotics (egpolymyxins,
anti MRSA drugs, antifungals) is audited after 48—72 h of
prescription by a stewardship committee. The committee
decides on the justification of the antibiotic based on the
clinical details, culture results and response to therapy. This
decision is communicated to the prescriber and a consen-
sual decision is taken to continue or stop the antibiotic. The
acceptance of the back end strategy is better though it is
more labor intensive [45].

Other methods that help in antimicrobial stewardship
include selective reporting/cascading of reports by micro-
biology lab. Here if the isolated pathogen is sensitive to
low end antibiotics, susceptibility to high end drugs is not
reported. Resource intensive methods including multiplex
PCR for identification of viral pathogens and MALDI TOF
(matrix assisted laser desorption ionization time of flight
analysis) for quick identification of blood stream isolates
also helps in stewardship. Use of biomarkers (beta D glucan,
galactomannan) help to control antifungal therapy. Use of
procalcitonin based algorithms assist in cutting down anti-
biotic duration. Pharmacy based interventions that allow for
early IV to oral switch, dosing, checking for interactions and
pharmacodynamic dose optimization are also useful.

The effectiveness of any AMSP has to be evaluated by
appropriate metrics. These include antibiotic measures
such as antimicrobial measures [antimicrobial defined daily
dose (DDD); antimicrobial days of therapy (DOT) length of
therapy (LOT)]. Microbial measures include prevalence of

antimicrobial resistant organisms and prevalence/incidence
of C. difficile. Clinical outcomes that evaluate the effective-
ness include mortality, length of stay, and cure.

It is also recommended that all pediatric and neonatal
units set up an internal stewardship program to control anti-
biotic use in addition to the one set up by the hospital.

Conclusions

We are facing an “antimicrobial resistance” crises. We are
running out of treatment options and not many new drugs are
in the pipeline. If we do not use our existing antimicrobials
wisely we are destined to return to the pre-antibiotic era of
untreatable infections.
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