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nalyzes the relevance of the growing problem of
resistance) in pediatric practice, which is largely
driven by irrati ed use of antibiotics, as well as its etiological factors
and clinical-epidemiological consequences. In recent years, antibiotics have frequently
been prescribed in pediatrics for conditions such as respiratory tract infections, acute
otitis media, tonsillopharyngitis, bronchitis, and intestinal infections, often without

laboratory confirmation and even in cases where vir. ogy is highly probable. Such

an approach promotes the emergence of resistan ains, reduces treatment
effectiveness, increases the duration and recurrenc
rate of complications, and raises the need for inpa nt. The article
highlights the pathogenetic mechanisms of antibiotic resist ncluding p-lactamase
production, modification of bacterial cell wall and ribosoma ctures, activation of
efflux pumps, and biofilm formation, from a scientific pers
strategies for rational antibiotic therapy in ch
etiology-based approach, strict adherence to clinica
spectrum agents, individualized dosing and treatment duration, restriction of
uncontrolled antibiotic sales, and implementation of antimicrobial stewardship programs
in pediatric healthcare. In addition, the article identifies major socio-organizational
factors that contribute to the increasing resistance, such as parents’ misconceptions
about antibiotics, physicians’ excessive precautionary prescribing, limited access to
rapid diagnostic tools, and insufficient pharmaceutical regulation. As a result, the article
concludes that reducing antibiotic resistance among children requires not only
pharmacological interventions but also comprehensive strategies involving healthcare

. Furthermore, modern
cussed in detail, including an
es, prioritization of narrow-
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system reforms, education and prevention measures, improved laboratory diagnostics,

and effective public awareness initiatives.

Keywords: antibiotic resistance, antimicrobial resistance, pediatrics, rational
antibiotic therapy, antimicrobial stewardship, inappropriate antibiotic use, narrow-
spectrum antibiotics, [-lactamase, biofilm, empirical therapy, clinical guidelines,
laboratory diagnostics, antibiotic stewardship programs, infectious diseases, prevention

Introduction: In recent years, antibiotic resistance, widely referred to as antimicrobial
resistance (AMR), has emerged as one of the most critical threats to global public health
and healthcare systems. Although antibiotics remain among the most effective
interventions for the treatment of bacterial infections, their irrational, inappropriate, and
unjustified use has signil clerated the selection and spread of resistant
microorganisms ithe ne apeutic options and undermining clinical
on (WHO) recognizes AMR as a major medical,
e 21st century, with direct implications for infection
are sustainability. In pediatric clinical practice, the

outcomes. Tk
social, andye
control, pati ]
issue of antibiof resPspecial attention due to the high burden of infectious
diseases in children, the immaturity of immune defense mechanisms, and the frequent
occurrence of respiratory infections, acute otitis media, tonsillopharyngitis, bronchitis,
and gastrointestinal infections. In many settings, antibiotics are still prescribed
ological susceptibility testing.
in children are viral in

empirically, without etiological confirmation or mi

However, a substantial proportion of acute respir
origin, and antibiotic therapy in such cases does no recovery. Instead,
unnecessary exposure to antimicrobials increases selecti
’s microbiome. The
-established biological

emergence of resistant bacterial strains and altering the
development of antibiotic resistance is driven by several
cations of bacterial cell
efflux pump systems, and
ing prevalence of multidrug-

ructural

mechanisms, including B-lactamase production
wall targets and ribosomal binding sites,
enhanced biofilm formation. Current evidence indica
resistant (MDR) pathogens frequently encountered in pediatric populations, including
Streptococcus pneumoniae, Haemophilus influenzae, Staphylococcus aureus, and
members of the Enterobacteriaceae family. The increasing resistance among these
organisms complicates treatment decisions, reduces the effectiveness of first-line narrow-
spectrum agents, and often necessitates the use of broader-spectrum antibiotics associated
with higher costs and a greater risk of adverse events. Importantly, irrational antibiotic
prescribing in children is not only associated with reduced therapeutic efficacy but also
contributes to a range of clinically significant complications, including hypersensitivity
reactions, antibiotic-associated diarrhea, intestinal dysbiosis, prolonged disease course,
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and increased recurrence rates. In addition, inappropriate antibiotic use imposes a

substantial economic burden on healthcare systems by increasing outpatient and inpatient
costs, length of hospital stay, and the need for advanced diagnostic and therapeutic
resources. At present, international guidelines emphasize that reducing AMR in
pediatrics requires comprehensive, evidence-based strategies. These include strict
adherence to clinical protocols, prioritization of narrow-spectrum antibiotics whenever
appropriate, expansion of laboratory diagnostics and antimicrobial susceptibility testing,
individualized dose optimization based on age and body weight, standardized treatment
duration, and implementation of antimicrobial stewardship programs. Moreover,
regulatory measures aimed at restricting non-prescription antibiotic sales and
strengthening pharmaceutical over51ght are considered essential components of AMR

containment pollcles Th pth analysis of antibiotic resistance in children
and the developi rc therapy strategies remain key priorities in
contemporar cal practice

children has become a major concern not only in
clinical pediat opader context of public health and the sustainability of
healthcare syst , antibiotics have been among the most effective

therapeutic tools for the management of bacterial infections and have played a decisive
role in reducing childhood mortality from severe conditions such as bacterial pneumonia,
meningitis, sepsis, pyelonephritis, and other life-threatening infectious diseases.

However, widespread, often uncontrolled and clini njustified antibiotic use has

accelerated the emergence and dissemination o jal resistance, ultimately

complicating treatment outcomes. This issue is pa pediatrics, given

ed for acute respiratory
tract infections, bronchitis, pharyngitis, ot nd sinusitis. A substantial
proportion of these conditions are viral in origin heless, antibiotics are still

In everyday clinical practice, antibiotics are commonly

frequently used for perceived prevention of complications or to shorten recovery time.
Such an approach does not significantly improve clinical outcomes but substantially
increases selective pressure on microbial populations. Under selective pressure, not only
classical pathogens but also members of the normal commensal flora may acquire
resistant traits. Consequently, the current infectious episode becomes more difficult to
treat, and future infections may no longer respond to standard first-line agents. Moreover,
repeated and inappropriate antibiotic exposure in children can disrupt the intestinal
microbiota, increasing the risk of dysbiosis, antibiotic-associated diarrhea,
hypersensitivity reactions, and immunological alterations.
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The development of antimicrobial resistance is strongly linked to evolutionary
adaptation mechanisms, mediated either by spontaneous genetic mutations or by

horizontal gene transfer. Bacteria can exchange resistance determinants through
plasmids, transposons, and integrons, enabling rapid dissemination of resistance genes
across species. This process is particularly relevant in pediatrics because the intestinal
microbiome of children is dynamic and vulnerable to perturbations, facilitating the spread
of resistant determinants among different bacterial populations. The production of B-
lactamases remains one of the most clinically significant mechanisms, reducing the
efficacy of B-lactam antibiotics such as penicillins and cephalosporins. In addition,
alterations in penicillin-binding proteins (PBPs) contribute to decreased susceptibility of

Streptococcus pneumoniae to -1actams Resistance to macrolides, tetracyclines, and

fluoroquinolones is often ith modifications of ribosomal targets, while
activation of F Sy pwer intracellular antibiotic concentrations to
subtherapeu 1 rther enhances bacterial survival by creating a
protectivet

activity, thet

duces antibiotic penetration and limits host immune
sistent and recurrent infections.

From a cll ica the most relevant resistant pathogens in pediatric
populations include Streptoco cus pneumoniae, Haemophilus influenzae, staphylococci,
enterococci, and members of the Enterobacteriaceae family. In recent years, increasing
prevalence of methicillin-resistant Staphylococcus aureus (MRSA), extended-spectrum
B-lactamase (ESBL)-producing Escherichia coli lebsiella pneumoniae, and

carbapenem-resistant Enterobacterales (CRE) has ted. Infections caused by
these organisms are frequently prolonged, associate i

and more likely to require inpatient management. Such ¢

of complications,
sitate the use of
so-called “reserve” or last-line antibiotics. Nevertheless, in p
must be used with caution due to age-related pharmacokine

settings these agents
nsiderations, limited
safety data for certain drug classes, and the increased ri adverse drug reactions.
Furthermore, resistant infections often req

continuous clinical monitoring, which increases the

laboratory diagnostics and
cost of care and places an
additional burden on healthcare resources.

Rational antibiotic therapy is therefore a cornerstone of improving clinical outcomes in
children, slowing the spread of resistance, and ensuring medication safety. The first
essential step in rational prescribing is the establishment of clear clinical indications for
antibiotic initiation. This involves careful evaluation of the likelihood of bacterial
etiology, integration of laboratory markers such as leukocytosis, C-reactive protein, and
procalcitonin, and assessment of clinical symptom dynamics. Antibiotics should not be
used for uncomplicated viral infections; instead, such patients should undergo active
clinical follow-up to detect possible bacterial complications. A second critical step is
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selecting empiric antibiotics based on local epidemiological data and resistance patterns.
The same clinical diagnosis may be associated with different dominant pathogens and

resistance rates across regions, and therefore antibiotic selection should be tailored to
real-world local conditions rather than relying solely on generalized recommendations.

A fundamental principle of rational prescribing is prioritizing narrow-spectrum
antibiotics whenever clinically appropriate. Unnecessary use of broad-spectrum agents
causes substantial disruption of the gut microbiota and intensifies selection of resistant
strains. In addition, antibiotic dosing must be individualized based on the child’s age,
body weight, renal and hepatic function, infection severity, and the
pharmacokinetic/pharmacodynamic properties of the selected drug. Subtherapeutic
dosing represents one of the most dangerous contributors to resistance development
eradication and instead promotes microbial
o be evidence-based. In routine practice,

because it fails to achié
antibiotics a ecessarily prolonged courses, which increases
adverse eve . Modern clinical guidelines increasingly support
shorter couts . ys) for many pediatric infections, with extended
therapy reserved ecifi€ severe conditions.

Laboratory diagnostics play a central role in optimizing antibiotic therapy in pediatric
care. Pathogen identification and antimicrobial susceptibility testing facilitate accurate
antibiotic selection and allow transition from emplrle therapy to targeted therapy.
However, in many real-world settings, microbi
unavailable, or delayed. For this reason, the broa tion of rapid diagnostic

tools, including point-of-care tests, molecular assays; tion methods, is a
key component of rational antibiotic stewardship. Rapi i hogens, such as
influenza and respiratory syncytial virus (RSV), are partic valuable for reducing
unnecessary antibiotic prescriptions.

Antimicrobial stewardship programs have been internati recognized as effective
¢ healthcare facilities. These
orithms, clinical audit and

systems for promoting appropriate antibiotic
programs typically incorporate standardized prescr
feedback, continuous physician education, antibiotic consumption monitoring, and
epidemiological surveillance of resistance trends. Evidence from multiple settings
indicates that stewardship interventions can reduce overall antibiotic use, limit
inappropriate broad-spectrum prescribing, and slow the spread of resistant organisms.
Importantly, the social determinants of antibiotic prescribing must also be addressed.
Caregivers often hold misconceptions that antibiotics are essential for recovery, while
clinicians may prescribe defensively due to concerns related to legal liability, patient
expectations, and time constraints in high-volume clinical environments. In this context,
public education and parental counseling are essential, particularly regarding the
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distinction between viral and bacterial infections and the potential harms associated with

unnecessary antibiotic exposure.

Unregulated antibiotic access and self-medication represent additional drivers of
resistance. In some regions, antibiotics can still be obtained without a prescription,
enabling caregivers to treat children without medical supervision and often with
inappropriate dosing and treatment duration. This practice significantly increases the risk
of adverse drug events and accelerates resistance selection. Therefore, strengthening
regulatory control over antibiotic distribution, enforcing prescription-only policies, and
improving pharmaceutical oversight constitute key legal and policy measures within
AMR containment strategies. In parallel, healthcare systems should promote standardized
prescribing based on evidence-based clinical protocols, provide continuous professional
elop local resistance surveillance maps to guide

development for clinician

ritical role in reducing antibiotic resistance in

children. 1e incidence of bacterial infections and related
complication: . ¢ overall need for antibiotics. Pneumococcal and
Haemophilus inf e ib) vaccines have been shown to reduce cases of acute

otitis media, pneumonia, and meningitis, contributing to lower antibiotic consumption.
Influenza vaccination may also reduce secondary bacterial complications associated with
viral respiratory infections. Additionally, infection prevention and control measures—
including adherence to hygiene standards, strengthe fection control in childcare
' hlldren—are simple yet
highly effective strategies for reducing transmt us diseases and
consequently lowering antibiotic demand.

facilities, promoting hand hygiene, and isolating

d complex challenge
ation depends on the
al protocols, expanded
dship programs, strengthened
antibiotic literacy among

Overall, antibiotic resistance in children is a multifacto
requiring a coordinated and comprehensive response. Effective

integration of rational antibiotic prescribing guided b

diagnostic capacity, implementation of antimi
pharmaceutical and regulatory frameworks, and 1
caregivers and healthcare professionals. Only through such a multidisciplinary approach
can the spread of resistant strains in pediatric populations be slowed, the clinical
effectiveness of antibiotics preserved, and the health of future generations safeguarded.
Discussion: The findings and concepts discussed in this article confirm that
antimicrobial resistance (AMR) in children is not merely a microbiological phenomenon,
but rather a complex clinical, organizational, behavioral, and regulatory challenge. In
pediatric populations, the burden of infectious diseases is high, and the frequency of
antibiotic exposure is substantially greater than in many adult groups. This creates a
unique environment in which resistant organisms can emerge early, persist within the
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child’s microbiome, and spread across households, daycare institutions, and healthcare
facilities. Importantly, pediatric AMR is not limited to hospital settings; community-

acquired resistant infections are increasingly reported, indicating that resistance
containment strategies must extend beyond inpatient care. =~ A major driver of AMR in
pediatrics remains the persistent overprescribing of antibiotics for conditions with
predominantly viral etiology. Upper respiratory tract infections, acute bronchitis, and
non-specific febrile illnesses represent the most frequent indications for antibiotic
prescriptions in children, despite limited evidence of bacterial involvement in most cases.
This pattern is reinforced by multiple interacting factors, including diagnostic
uncertainty, limited access to rapid testing, parental expectations, and time constraints in
outpatient practice. In many chnlcal encounters antibiotics are prescribed as a perceived
ity_of bacterial infection is low. Such defensive
r a practical standpoint, directly contributes to

“safety net,” even whe
prescribing, alt _,:.‘ U

selective pres ergence of resistant strains.

From ayin
pathogens are :
target-site modifieati X pump activation, and biofilm-associated tolerance remain

dominant pathways. However, pediatric AMR has additional implications due to the

live, resistance mechanisms described in pediatric
obal AMR trends. B-lactamase-mediated resistance,

limited number of antibiotic classes that can be safely used in children. For example,
fluoroquinolones and tetracyclines are restricted in younger age groups, and
aminoglycosides require careful monitoring due to xicity and ototoxicity. As a

result, treatment options for multidrug-resistant jons in children may be
narrower than in adults, increasing the likelihood

and complications. This highlights the need for early p

s, hospitalization,
ate diagnostics,
and strict antibiotic stewardship in pediatric care.

The increasing prevalence of ESBL-producing Enterobacter MRSA, and, in some
regions, carbapenem-resistant organisms has profound clini onsequences. Infections
r reserve antibiotics, such as

ase inhibitor combinations.

caused by these pathogens often require broa
carbapenems, glycopeptides, or advanced B-lacta
While these therapies may be clinically effective, they can also lead to higher rates of
adverse drug reactions, increased healthcare costs, and further selection of resistant
organisms. In pediatrics, these risks are amplified due to age-related pharmacokinetic
variability, dosing complexity, and the vulnerability of the developing microbiome.
Consequently, the clinical challenge is not only to treat resistant infections effectively,
but also to prevent the cycle of escalating antibiotic exposure that fuels future resistance.
An important and increasingly recognized aspect of pediatric antibiotic exposure is its
impact on the gut microbiota and immune development. Early-life antibiotic use has been
associated with microbiome disruption, which may persist for months or years and
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potentially influence long-term health outcomes. Although causal relationships remain
under investigation, growing evidence suggests links between repeated antibiotic

exposure and increased risk of allergic diseases, metabolic disorders, and inflammatory
conditions. From a public health perspective, this adds another layer of justification for
minimizing unnecessary antibiotic prescriptions, especially in early childhood.

The discussion of rational antibiotic therapy emphasizes that stewardship is not simply
about reducing antibiotic use; it is about optimizing antibiotic decision-making. This
includes selecting the right agent, at the right dose, for the right duration, and for the right
indication. The prioritization of narrow-spectrum antibiotics remains a key principle, yet
it requires confidence in diagnosis and awareness of local resistance patterns. In settings
where microbiological diagnostics are limited, clinicians often rely on empirical
treatment. While empiric S imes unavoidable, it should be guided by local
epidemiological di ance surveillance. Without such information,

empirical pre onsistent and may unintentionally promote resistance

of the most effective tools for improving pediatric
antibiotic prescu
and biomarkers such as C-

are tests for streptococcal pharyngitis, influenza, RSV,
eactive protein and procalcitonin can reduce diagnostic
uncertainty and support evidence-based decisions. Nevertheless, these tools are not
universally available, and in some healthcare systems their use is limited by cost,
infrastructure, or lack of training. Expanding diag apacity should therefore be

considered a strategic investment in AMR control, diagnostic tools must be

integrated into clinical pathways, rather than use hieve measurable
reductions in unnecessary antibiotic prescribing.
Antimicrobial stewardship programs (ASPs) are internatio

for AMR containment, and pediatric-focused ASPs have dem

cognized as essential
ated effectiveness in
both hospital and outpatient settings. Successfu ally combine guideline
development, audit and feedback,

monitoring of antibiotic consumption. In pediatri

policies, education, and
ardship also requires age-
specific protocols and dosing guidance, as well as multidisciplinary collaboration
between pediatricians, infectious disease specialists, clinical pharmacists,
microbiologists, and infection control teams. Where stewardship programs are
implemented systematically, reductions in broad-spectrum antibiotic use, improved
guideline adherence, and decreased rates of healthcare-associated resistant infections
have been reported.

However, stewardship interventions alone may not be sufficient without addressing the
broader regulatory and societal context. Non-prescription access to antibiotics, weak
pharmaceutical oversight, and inconsistent enforcement of prescription-only regulations
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remain major barriers in many regions. The availability of antibiotics without appropriate
medical supervision increases self-medication, incomplete courses, incorrect dosing, and

inappropriate antibiotic selection. These behaviors accelerate resistance and increase the
risk of adverse drug events in children. Strengthening legal frameworks for antibiotic
distribution, ensuring pharmacy compliance, and implementing regulatory monitoring
systems are therefore critical components of a comprehensive AMR strategy. In addition,
national and regional policies should support surveillance systems that track resistance
trends and antibiotic consumption, enabling evidence-based public health interventions.
Public education is another essential element in AMR containment. Caregivers often
perceive antibiotics as universally beneficial and may equate antibiotic prescribing with

high-quality medical care. In pediatric practice, such expectations can influence

high-demand outpatient environments. Educational

prescribing behavior, especi
) antibiotic literacy, clarifying the differences

interventions_should
between viral d explaining the potential harms of unnecessary
antibiotic «e3
managemen :

on strategies that emphasize safety, symptom

are not prescribed orgach supports a more rational healthcare culture while
maintaining trust between clinicians and families.

Preventive strategies, particularly vaccination, play a crucial role in reducing the
overall burden of bacterial infections and limiting antibiotic demand. Pneumococcal and
Hib vaccination programs have significantly re invasive bacterial disease,

pneumonia, and otitis media in children, whic ontributes to decreased
antibiotic consumption and slower resistance deve
reduces the incidence of secondary bacterial infections. ion, inf@etion prevention
cilities—such as hand
tic children—remain

and control measures in daycare centers, schools, and health
hygiene promotion, respiratory etiquette, and isolation of sym
cost-effective interventions for reducing transmission of inf

Overall, the discussion highlights that
response that integrates clinical stewardship,

R requires a multi-layered
strengthening, regulatory
enforcement, preventive vaccination programs, and community education. The pediatric
population represents both a vulnerable group and a critical target for long-term AMR
control, as early-life antibiotic exposure may shape resistance patterns at both individual
and community levels. Therefore, improving rational antibiotic therapy in children is not
only a clinical necessity but also a strategic investment in future public health and the
preservation of antibiotic effectiveness.

Conclusion: Antibiotic resistance in pediatric populations represents a rapidly
escalating clinical and public health concern, significantly complicating the management
of common childhood infections and increasing the risk of unfavorable outcomes. The
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current evidence indicates that irrational antibiotic prescribing—particularly empirical
broad-spectrum therapy, inappropriate indication selection, incorrect dosing, and

unnecessarily prolonged treatment duration—remains a major driver of antimicrobial
resistance (AMR) in children. This situation is further exacerbated by limited access to
microbiological diagnostics, insufficient implementation of antimicrobial stewardship
programs, and inadequate regulatory control over antibiotic distribution in certain
healthcare settings. From a clinical standpoint, the growing prevalence of multidrug-
resistant (MDR) pathogens among pediatric patients leads to reduced effectiveness of
first-line antimicrobial agents, higher rates of treatment failure, increased hospitalization
frequency, and greater need for second-line and reserve antibiotics. In addition, children
are uniquely vulnerable to antibiotic-associated adverse events, including allergic
reactions, antibiotic-assogig hea, intestinal dysbiosis, and long-term disruption of
the microbiomg, ywk them to metabolic and immune-mediated

disorders late 8Sing antibiotic resistance in children requires not
only cliniea

evidence-basi

coordinated system-level strategies that integrate
. o diagnostics, regulatory policies, and continuous
professional eds ondl antibiotic therapy should be recognized as a key
determinant of pediatric patient safety, infection control efficiency, and the sustainability
of modern healthcare systems.

Recommendations: To reduce the burden of antibiotic resistance in pediatric practice
and to optimize clinical outcomes, the following evy based recommendations are
proposed:

1. Strengthening evidence-based prescribi
therapy should strictly follow internationally recognize

diatric antibiotic
es and national
protocols, with antibiotics prescribed only when bacterial et
microbiologically confirmed. Viral infections should not

is highly probable or
ated with systemic
antibiotics, and clinical decision-making must be based on v,

2. Prioritization of narrow-spectrum
narrow-spectrum antibiotics should be preferred o

ed diagnostic criteria.
enever clinically justified,
d-spectrum regimens. This
approach minimizes selective pressure on commensal flora and reduces the risk of
resistance development, while maintaining adequate therapeutic efficacy.

3. Mandatory dose optimization and pharmacological accuracy: Antibiotic
dosing in children must be individualized based on age, body weight, renal and hepatic
function, and disease severity. Incorrect dosing—especially subtherapeutic dosing—
should be considered a significant risk factor for resistance selection and treatment
failure. The pharmacokinetic and pharmacodynamic principles (PK/PD) should be
integrated into routine pediatric prescribing.
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4. Implementation of antimicrobial stewardship programs (ASP): Healthcare
institutions should establish structured antimicrobial stewardship programs, including

prescription audits, feedback mechanisms, clinical consultations with infectious disease
specialists, and monitoring of antibiotic consumption indicators. Such programs are
essential for improving antibiotic use quality and reducing unnecessary antimicrobial
exposure.

5. Expanding access to microbiological diagnostics: Laboratory infrastructure
should be strengthened to ensure timely pathogen identification and antimicrobial
susceptibility testing. Even in outpatient settings, targeted microbiological testing should
be encouraged in recurrent, severe, or treatment-resistant infections. Rapid diagnostic
methods and point-of-care testing should be integrated into pediatric clinical workflows.

6. Reducing non-pr ibiotic availability and enhancing regulatory
control: From tive, strict enforcement of prescription-only

antibiotic ed. Regulatory authorities should strengthen
pharmaceuti t unauthorized sales, irrational marketing, and
unregulated
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