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Abstract

Helicobacter pylori (H. pylori) infection represents a major global health challenge and a
leading cause of peptic ulcer disease and gastric cancer. The increasing prevalence of
antimicrobial resistance has progressively reduced the effectiveness of traditional empirical
eradication regimens, highlighting the need for more individualized treatment approaches.
This review evaluates the evolving transition from empirical therapy toward precision-
guided H. pylori management by integrating current evidence on resistance epidemiology,
determinants of eradication failure, advances in molecular diagnostics, and susceptibility-
guided treatment strategies. Contemporary and emerging therapeutic approaches are
evaluated in the context of changing resistance patterns, with emphasis on their clinical ap-
plicability and potential contributions to treatment optimization. The review also addresses
the practical challenges that continue to limit implementation of personalized manage-
ment, including restricted access to resistance testing, infrastructure limitations, economic
constraints, and global disparities in healthcare resources. Furthermore, emerging devel-
opments in rapid diagnostics, resistance surveillance, and data-driven treatment selection
are considered as components of future management frameworks. Overall, the evidence
supports moving away from one-size-fits-all empirical therapy toward targeted treatment
based on local resistance patterns and epidemiological trends. Expanding access to effective
diagnostics and optimizing treatment selection will be essential for improving eradication
outcomes and preserving the long-term effectiveness of available antimicrobial agents.

Keywords: Helicobacter pylori; antibiotic resistance; susceptibility-guided therapy; molecular
diagnostics; eradication therapy; precision-guided management; antimicrobial stewardship;
resistance surveillance

1. Introduction
Helicobacter pylori (H. pylori) infection remains a major global health challenge because

of its established association with peptic ulcer disease, chronic gastritis, mucosa-associated
lymphoid tissue lymphoma, and gastric adenocarcinoma [1]. Persistent infection also repre-
sents an important preventable risk factor for gastric cancer and contributes substantially to
long-term gastrointestinal morbidity worldwide [2,3]. Although the prevalence of H. pylori
infection has declined in several developed countries, it continues to affect a substantial
proportion of the global population. The burden remains especially high in developing
regions and socioeconomically disadvantaged communities. Geographic variability in
prevalence remains closely linked to differences in sanitation, healthcare accessibility, living
conditions, and antibiotic exposure patterns [2,4].
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For many years, clarithromycin-based triple therapy was considered the standard first-
line eradication regimen because of its simplicity, acceptable tolerability, and initially high
eradication rates. The combination of a proton pump inhibitor with clarithromycin and
amoxicillin or metronidazole achieved favorable eradication outcomes in many populations
and became widely adopted in routine clinical practice [5,6]. However, the effectiveness
of conventional empirical therapy has declined considerably during the past two decades.
Increasing resistance to clarithromycin, metronidazole, and fluoroquinolones has reduced
eradication success rates in many geographic regions and restricted the reliability of tradi-
tional empirical regimens. Recent systematic reviews and multicenter surveillance studies
have shown that resistance to commonly prescribed antibiotics now exceeds acceptable
treatment thresholds in many settings worldwide [7–9].

Increasing geographic variation in antimicrobial resistance (AMR) has further compli-
cated treatment selection. Regimens that maintain efficacy in some regions may produce
substantially lower eradication rates in areas characterized by elevated macrolide or fluoro-
quinolone resistance. Accordingly, universal treatment strategies are becoming increasingly
difficult to justify without consideration of regional resistance epidemiology and prior
antibiotic exposure [10–12]. At the same time, eradication failure is recognized as a mul-
tifactorial process that extends beyond AMR alone. Host-related factors, including poor
adherence, inadequate acid suppression, treatment intolerance, aging-associated physio-
logical changes, and previous antibiotic exposure, may significantly influence eradication
outcomes. In addition, bacterial adaptive mechanisms such as biofilm formation, heterore-
sistance, and genetic diversity may contribute to persistent infection and reduced treatment
response [8,13,14].

These therapeutic challenges have accelerated an important transition in the manage-
ment of H. pylori infection. Current strategies are moving away from simplified empirical
regimens toward more targeted and resistance-informed therapeutic approaches aimed at
optimizing eradication success while reducing unnecessary antibiotic exposure (Figure 1).
Recent international consensus reports emphasize the importance of antimicrobial steward-
ship, regional resistance surveillance, and susceptibility-guided therapy. These approaches
are especially important in areas with high clarithromycin resistance or frequent treatment
failure [6,11,12]. Advances in molecular diagnostics and resistance detection technologies
have further strengthened the movement toward precision-guided eradication strategies.
Polymerase chain reaction (PCR)-based resistance testing and emerging noninvasive molec-
ular approaches are being investigated as tools for individualized therapeutic selection and
optimized antibiotic stewardship [12,14,15].

Precision-guided management of H. pylori infection involves more than susceptibility-
guided therapy alone. Its goal is to select the most appropriate treatment for each patient
by combining antimicrobial susceptibility results with other clinically relevant information.
These include previous antibiotic exposure, regional resistance patterns, treatment history,
and patient-related factors that may influence treatment response. Recent international
guidelines recommend individualizing eradication therapy whenever possible by integrat-
ing these factors into clinical decision-making [3,6,12]. Therefore, susceptibility-guided
therapy should be regarded as one component of precision-guided management rather
than its complete definition. Precision-guided management combines microbiological,
clinical, and epidemiological information to tailor treatment. This includes susceptibility
results, previous antibiotic use, regional resistance patterns, treatment history, and patient
characteristics. This broader approach aims to improve eradication success while reducing
unnecessary antibiotic use and supporting antimicrobial stewardship [3,12].
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Figure 1. Evolution of H. pylori eradication strategies from empirical therapy toward precision-guided
management. Increasing AMR, variable eradication outcomes, and persistent eradication failure
have driven the transition from standardized treatment regimens to more individualized therapeutic
approaches. Contemporary management incorporates resistance surveillance, susceptibility-guided
therapy, and optimized treatment selection to improve eradication success while reducing unneces-
sary antibiotic exposure.

In parallel, treatment options for H. pylori infection continue to evolve. Bismuth
quadruple therapy (BQT), vonoprazan-based regimens, high-dose dual therapy (HDDT),
and optimized salvage therapies have become important alternatives to conventional triple
therapy, especially in regions with increasing AMR [3,16]. However, precision-guided
management is still difficult to implement in many healthcare systems because access to
susceptibility testing remains limited. Economic constraints, laboratory infrastructure, and
regional differences in healthcare resources also affect its routine use [12]. Treatment deci-
sions should therefore consider the clinical setting, previous antibiotic exposure, regional
resistance patterns, and the availability of susceptibility testing [3,12].

Accordingly, this review goes beyond summarizing the available evidence. It inte-
grates current knowledge on AMR, determinants of eradication failure, diagnostic ad-
vances, and treatment strategies into a practical framework for precision-guided manage-
ment. Based on the available evidence, we propose that successful H. pylori eradication
depends not only on choosing the right antibiotics but also on considering patient char-
acteristics, regional resistance patterns, and available healthcare resources when making
treatment decisions. This perspective may improve eradication success while supporting
antimicrobial stewardship.

2. Literature Search Strategy
This narrative review provides a comprehensive overview of current challenges

and emerging strategies in H. pylori management, with particular emphasis on AMR,
susceptibility-guided therapy, precision-guided management, and emerging therapeutic
approaches. Relevant literature published between January 2000 and March 2026 was
identified through searches of PubMed, Scopus, Web of Science, and Google Scholar.
The search strategy used combinations of keywords, including “H. pylori”, AMR, erad-
ication therapy, susceptibility testing, molecular diagnostics, precision medicine, vono-
prazan, HDDT, antimicrobial stewardship, and artificial intelligence (AI). Eligible pub-
lications included systematic reviews, meta-analyses, international consensus reports,
clinical guidelines, randomized controlled trials, observational studies, and other clinically
relevant investigations.
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Priority was given to recent high-quality evidence, while seminal studies were in-
cluded when necessary to provide historical context. Publications lacking direct relevance
to the objectives of the review, duplicate reports, conference abstracts without full-text
availability, and non-English articles were excluded. Reference lists of eligible articles were
also screened to identify additional relevant studies. The retrieved evidence was critically
evaluated and synthesized to provide a balanced overview of current knowledge, imple-
mentation challenges, and future directions in H. pylori management. Greater emphasis
was placed on high-level evidence, including international clinical guidelines, umbrella re-
views, systematic reviews, meta-analyses, and randomized controlled trials. Observational
studies and earlier investigations were included primarily to provide supporting evidence
or historical context. Generative artificial intelligence (ChatGPT-5.5; OpenAI, San Francisco,
CA, USA) was used only to assist with language editing, improvement of grammar, sen-
tence clarity, and manuscript organization. It was not used to generate scientific content,
interpret data, select references, or draw scientific conclusions. All literature selection,
critical evaluation, interpretation, and final manuscript preparation were performed and
verified by the authors.

3. Global Antibiotic Resistance Patterns and Regional
Therapeutic Variability
3.1. Global Resistance Trends

AMR is now one of the main causes of failed H. pylori eradication worldwide. Re-
sistance rates vary widely across regions and continue to change because of differences
in antibiotic use, prescribing practices, healthcare systems, and antimicrobial steward-
ship. Large international surveillance studies confirmed substantial regional heterogeneity,
particularly for clarithromycin, metronidazole, and fluoroquinolones [17,18].

Clarithromycin resistance is considered the most clinically relevant form of resis-
tance because of its direct impact on standard triple therapy. Primary clarithromycin
resistance exceeds the recommended threshold (above 15%) in many WHO regions [17].
Similar findings were confirmed by subsequent international analyses [19]. Therefore,
empirical clarithromycin-based regimens have progressively lost therapeutic reliability in
many populations.

Recent international guidelines discourage routine empirical clarithromycin-containing
therapy when local susceptibility data are unavailable. They also recommend avoiding
these regimens in regions with high clarithromycin resistance [20,21]. These findings estab-
lish clarithromycin resistance as a major global determinant of treatment failure and explain
the declining effectiveness of empirical clarithromycin-based triple therapy [17,20,21].

Several molecular mechanisms contribute to clarithromycin resistance, particularly
point mutations involving the 23S rRNA gene. Among these, the A2143G mutation is
one of the most frequently identified resistance-associated variants [22]. Beyond spe-
cific resistance-associated mutations, H. pylori has several genetic adaptation mechanisms
that promote survival under antimicrobial pressure and contribute to the development
of AMR [23]. Metronidazole resistance is also highly prevalent worldwide, especially in
developing regions where nitroimidazole exposure is common. Global surveillance studies
demonstrated resistance rates exceeding 30% in several populations [17,24]. Although
optimized bismuth-containing regimens may partially overcome reduced susceptibility, el-
evated prevalence continues to compromise eradication outcomes. Resistance mechanisms
frequently involve alterations in reductase-associated genes, including rdxA and frxA [22].

Fluoroquinolone resistance has emerged as another major therapeutic concern, partic-
ularly because levofloxacin-containing regimens are widely used after first-line treatment
failure. International surveillance studies demonstrated progressively higher resistance
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prevalence across Asia, Europe, and North America [17,18]. Mutations involving the gyrA
gene are strongly associated with reduced fluoroquinolone susceptibility and lower eradica-
tion success [22]. Multidrug resistance is becoming more common. Simultaneous resistance
to clarithromycin, metronidazole, and fluoroquinolones has been reported in multiple
geographic regions, particularly in settings characterized by repeated antibiotic exposure
and limited stewardship programs [22,25]. These multidrug-resistant strains substantially
restrict empirical treatment options and complicate rescue therapy selection. The increasing
prevalence of multidrug resistance also highlights the limitations of relying solely on empir-
ical therapy. As resistance patterns become more complex, treatment selection increasingly
depends on regional surveillance data and, whenever available, antimicrobial susceptibility
testing (AST) to improve the likelihood of successful eradication [20,21].

Although AMR is a major determinant of treatment failure, conventional susceptibility
profiles do not fully explain persistent infection. Emerging evidence suggests that adap-
tive bacterial mechanisms, including biofilm formation, heteroresistance, and phenotypic
tolerance, may contribute to reduced treatment response and survival during antibiotic
exposure. These factors are discussed in greater detail in Section 3.3.

3.2. Geographic Differences in Eradication Success

Geographic heterogeneity in AMR directly influences the effectiveness of H. pylori
eradication regimens. Therapeutic strategies that achieve acceptable outcomes in one pop-
ulation may produce substantially lower success rates in regions characterized by different
resistance profiles [17,26]. Marked regional differences have been reported across Asia,
Europe, North America, the Middle East, and Africa. Several Asian countries demonstrated
elevated clarithromycin and fluoroquinolone resistance prevalence, whereas metronidazole
resistance remains particularly high in many developing regions [17,24]. In several Middle
Eastern populations, clarithromycin resistance has reached levels that substantially reduce
the efficacy of standard triple therapy [25]. Regional antibiotic exposure patterns strongly
influence resistance epidemiology. European surveillance studies demonstrated signifi-
cant associations between community macrolide use and clarithromycin resistance preva-
lence [17]. Similar relationships have been observed between fluoroquinolone exposure
and declining efficacy of levofloxacin-containing rescue regimens [18]. These observations
explain why eradication regimens successful in one region may fail in another despite
similar guideline recommendations.

As resistance prevalence increased globally, therapeutic recommendations progres-
sively shifted away from universal empirical therapy toward resistance-informed treat-
ment adaptation. Current international guidelines recommend BQT, susceptibility-guided
treatment, or optimized alternative regimens in regions characterized by elevated clar-
ithromycin resistance [20,21]. Regional variability also contributes to differences in eradi-
cation outcomes reported across clinical trials and meta-analyses. Resistance prevalence
can significantly influence the efficacy of empirical eradication regimens, particularly
clarithromycin-containing therapies [26].

Thus, successful eradication depends on integrating local resistance epidemiology
into therapeutic decision-making rather than relying on standardized treatment regimens.
Overall, the available evidence indicates that treatment recommendations should remain
flexible rather than universal. Continuous regional surveillance is therefore essential
to ensure that empirical regimens remain aligned with current resistance patterns and
local epidemiology.
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3.3. Limitations of Current Resistance Surveillance

Despite increasing awareness of AMR in H. pylori infection, important limitations con-
tinue to affect current surveillance systems worldwide. Resistance data remain incomplete
in many low- and middle-income countries where access to culture-based susceptibility
testing and molecular diagnostics is restricted [18,27]. Another major challenge is the
substantial heterogeneity among published studies. Differences in diagnostic methods,
susceptibility testing techniques, study populations, and regional sampling strategies
complicate direct comparison of resistance prevalence across healthcare systems [17].

Several geographic regions also remain underrepresented in global surveillance
datasets, predominantly parts of Africa and other resource-limited healthcare settings [27].
This underrepresentation can delay regional adaptation of treatment recommendations
and contribute to continued use of suboptimal empirical regimens. Resistance prevalence
additionally changes over time. Longitudinal surveillance studies from Asia, Europe, and
North America demonstrated progressively higher clarithromycin and fluoroquinolone
resistance during recent decades [17,18]. Consequently, empirical regimens that were pre-
viously effective may rapidly lose therapeutic reliability if surveillance systems are not
continuously updated.

Real-world implementation barriers further complicate surveillance-guided manage-
ment. Several international studies reported limited availability of AST, restricted access
to molecular diagnostics, reimbursement limitations, and inconsistent incorporation of
resistance data into routine clinical practice [18,28]. These limitations highlight the need
for expanded surveillance networks, broader access to molecular resistance testing, and
stronger antimicrobial stewardship programs. Improved real-time resistance monitoring
will likely become essential for supporting resistance-informed H. pylori management.

Despite these limitations, current surveillance data consistently demonstrate that AMR
has become a major driver of treatment failure worldwide. Expanding surveillance pro-
grams and improving access to molecular diagnostics should therefore be considered public
health priorities. Improved surveillance will support more informed treatment decisions,
facilitate broader implementation of precision-guided management, and help preserve the
effectiveness of currently available eradication regimens. The major regional patterns of
AMR and their corresponding therapeutic implications are summarized in Table 1.

Overall, the evidence presented in this section demonstrates that AMR is now a
central determinant of H. pylori treatment success. Marked geographic variation and the
continued evolution of resistance patterns limit the effectiveness of universal empirical
regimens. These findings support the growing need for treatment strategies that integrate
regional epidemiology, surveillance data, and AST whenever feasible. The following section
discusses additional determinants of eradication failure beyond AMR that further influence
eradication outcomes.

Table 1. Representative AMR patterns and therapeutic implications across geographic regions and
clinical populations.

Region/Population Clarithromycin
Resistance

Metronidazole
Resistance

Fluoroquinolone
Resistance

Multidrug
Resistance

Therapeutic
Implications Refs.

WHO regions
(global

meta-analysis)

Primary resistance
exceeds the 15%

threshold in most
WHO regions, with

the highest prevalence
in the Eastern

Mediterranean region

Approximately
56% in the

Eastern
Mediter-

ranean region

Exceeds 15% in
several regions

Reported
worldwide

Consider alternatives
to empirical

clarithromycin-based
triple therapy. Base
treatment selection
on local resistance

data whenever
available.

[17]
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Table 1. Cont.

Region/Population Clarithromycin
Resistance

Metronidazole
Resistance

Fluoroquinolone
Resistance

Multidrug
Resistance

Therapeutic
Implications Refs.

Europe Marked variation
between countries

Common in
several

countries

Progressive
increase
reported

Present in
multiple

populations

Adapt first-line
therapy to regional
resistance patterns

and consider
susceptibility-

guided treatment
when feasible.

[18]

Asia–Pacific region

Frequently exceeds
the accepted
therapeutic
threshold

High
prevalence in

several
countries

High
prevalence in

multiple
populations

Dual
resistance
frequently
reported

Prefer BQT or
susceptibility-

guided treatment in
regions with a high
resistance burden.

[21]

China (Shandong
Province)

A2143G mutation
frequently detected

rdxA/frxA
alterations
commonly
identified

gyrA mutations
commonly
reported

Dual and
triple

resistance
identified

Use molecular
resistance testing

whenever available
to improve

treatment selection
and reduce reliance
on empirical rescue

therapy.

[22]

Middle Eastern
populations

Frequently exceeds
15%

High
prevalence

reported

Elevated
prevalence
observed

Reported in
several
studies

Avoid empirical
clarithromycin-

based triple
therapy where

resistance is high
and consider

alternative first-line
regimens.

[25]

African
populations

Limited
surveillance data

available

Frequently
elevated

Regional data
remain

insufficient

Poorly
characterized

Expand regional
surveillance to

support
evidence-based

treatment
recommendations.

[27]

Pediatric
populations

Rising prevalence
observed

Frequently
elevated

Variable
prevalence

Emerging
concern

Monitor resistance
trends closely, as

increasing
resistance may
further restrict

future treatment
options.

[24]

International
clinical cohorts

Associated with
lower eradication

rates

Contributes to
treatment

failure

Associated with
rescue therapy

failure

Increasingly
recognized

Incorporate
regional resistance
data into treatment

selection to
improve

eradication success
and support

individualized
management.

[26]

4. Determinants of Eradication Failure Beyond Antibiotic Resistance
4.1. Host-Related Determinants

Successful H. pylori eradication depends not only on antimicrobial susceptibility but
also on several host-related factors that influence treatment effectiveness. Among these,
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adherence to therapy, treatment tolerability, and variability in acid suppression play partic-
ularly important roles [29,30]. Poor adherence is one of the strongest and most consistent
predictors of eradication failure. Multidrug regimens, prolonged treatment courses, ad-
verse events, and inadequate patient education can reduce treatment adherence [31,32].
Patients who do not complete therapy consistently achieve lower eradication rates than
those with good adherence [6,32,33]. In a pediatric cohort, eradication approached 90%
among patients receiving more than 90% of prescribed medications but declined sub-
stantially in non-adherent individuals [33]. Similar findings have been reported in large
real-world studies, where compliance was the factor most strongly associated with success-
ful treatment [32].

Treatment intolerance may further compromise outcomes. Although most adverse
events are mild, symptoms such as nausea, diarrhea, abdominal discomfort, dysgeusia,
and vomiting can discourage patients from completing therapy [32,34]. Adverse events
have repeatedly been associated with lower compliance, whereas educational support
and structured follow-up improve adherence and treatment success [32,35,36]. Effective
acid suppression is another prerequisite for successful eradication. Higher intragastric
pH improves antibiotic stability and enhances bacterial susceptibility to treatment [37,38].
However, substantial interindividual variability exists in acid control, which may contribute
to different eradication outcomes despite the use of identical regimens [37,38].

Genetic variation in cytochrome P450 2C19 (CYP2C19), a key enzyme involved in
proton pump inhibitor metabolism, is an important source of this variability. Rapid metab-
olizers may achieve lower acid suppression than poor metabolizers, resulting in reduced
treatment efficacy [37]. Several studies have reported higher eradication rates among
poor metabolizers, particularly in regimens that rely heavily on proton pump inhibitor
activity [37,38]. Overall, the available evidence consistently identifies poor adherence,
inadequate acid suppression, and treatment intolerance as the most important host-related
predictors of eradication failure. Unlike AMR, many of these factors are potentially modifi-
able through patient education, optimized acid suppression, and careful treatment selection.
Addressing these modifiable determinants may substantially improve eradication success
without changing the antimicrobial regimen itself [6,29,32,38]. Lifestyle and metabolic char-
acteristics may also influence treatment response. These factors are discussed separately
because they represent potentially modifiable determinants of eradication success.

4.2. Lifestyle and Metabolic Factors

Lifestyle and metabolic factors may also contribute to variability in H. pylori eradi-
cation outcomes. Although their influence is less direct than AMR, increasing evidence
suggests that obesity, metabolic dysfunction, and physical inactivity can affect treatment
response [39,40]. Obesity has emerged as a clinically relevant predictor of eradication
failure. In a prospective study, eradication was achieved in 55.0% of overweight or obese
patients compared with 85.4% of individuals with normal body weight, and body mass in-
dex was identified as an independent predictor of treatment failure [41]. Other studies have
suggested that obesity-associated alterations in drug distribution and pharmacokinetics
may contribute to reduced treatment effectiveness [39,41].

Metabolic dysfunction may further influence outcomes. Associations have been re-
ported between H. pylori infection and metabolic syndrome, insulin resistance, dyslipidemia,
and fatty liver disease [40,42]. Obesity-related inflammation and immune dysregulation
may create conditions that are less favorable for successful eradication [40,43]. Physical in-
activity is closely linked to obesity and metabolic impairment. Conversely, regular physical
activity is associated with improved metabolic health and reduced systemic inflamma-
tion [43,44]. Current evidence consistently identifies obesity as the lifestyle factor most
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strongly associated with reduced eradication success. By contrast, the independent contri-
butions of metabolic dysfunction and physical inactivity remain uncertain. Well-designed
prospective studies are needed to determine whether modifying these factors can directly
improve eradication success [39–41,43,45].

4.3. Bacterial Adaptive Mechanisms

Several bacterial adaptive mechanisms may contribute to eradication failure indepen-
dently of conventional AMR. These mechanisms enable H. pylori to persist within the gastric
environment despite apparently appropriate therapy [8,46,47]. Biofilm formation is one of
the most important persistence strategies. Within biofilms, bacterial cells are enclosed in
an extracellular matrix that reduces antibiotic penetration and promotes survival under
antimicrobial stress [8,46]. Biofilm-associated organisms may therefore be more difficult to
eradicate than planktonic bacteria despite similar susceptibility profiles [8].

Heteroresistance presents an additional challenge. The coexistence of susceptible and
resistant bacterial subpopulations within the same host may lead to incomplete eradication
when treatment eliminates only part of the infecting population [8]. This phenomenon may
also reduce the predictive value of routine susceptibility testing. H. pylori may also persist
within gastric epithelial cells. Intracellular localization can provide temporary protection
from both antimicrobial agents and host immune responses, potentially allowing bacterial
survival after treatment [48,49].

Bacterial burden represents another clinically relevant factor. Several studies have
demonstrated lower eradication rates among patients with dense gastric colonization
than among those with lower bacterial loads [50–52]. A larger bacterial population may
require greater antimicrobial exposure to achieve complete clearance and may increase the
likelihood of persistent infection. Collectively, these adaptive mechanisms help explain
why treatment failure may occur even when conventional susceptibility testing predicts
antibiotic sensitivity. Their recognition highlights the limitations of relying solely on
resistance testing and supports the development of more comprehensive approaches to
individualized treatment selection [8,46,47].

4.4. Treatment-Related Limitations

Treatment failure may also result from limitations in treatment delivery rather than
AMR alone. Factors such as inadequate treatment duration, insufficient drug exposure, and
suboptimal regimen design can reduce eradication success [53–55]. Treatment duration
is a major determinant of outcome. Large clinical studies and registry analyses have
consistently shown that longer treatment courses achieve higher eradication rates than
shorter regimens and are more likely to reach accepted therapeutic targets [53,54].

Suboptimal dosing may also compromise bacterial clearance. Insufficient antibiotic
exposure can reduce treatment efficacy and increase the probability of persistent infection.
Optimization studies have demonstrated that appropriately intensified dosing strategies
can improve eradication success, particularly in difficult-to-treat populations [53]. Regi-
men complexity remains another practical limitation. Contemporary therapies frequently
involve multiple medications administered over prolonged periods, increasing treatment
burden and reducing the likelihood of full adherence [54,56]. Therapeutic success de-
pends on selecting an appropriate regimen. It also requires patients to complete treatment
as prescribed.

Importantly, optimization of treatment duration, dosing strategies, and regimen design
can partially improve outcomes even in challenging clinical settings [53–55]. These observa-
tions highlight that treatment optimization should complement resistance-guided therapy
rather than replace it. Unlike bacterial resistance, treatment-related limitations are largely
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preventable. Optimizing treatment duration, simplifying regimens when appropriate, im-
proving patient counseling, and ensuring adequate drug exposure are practical strategies
that can improve eradication success without requiring new antimicrobial agents [53–56].
The major host-, bacterial-, and treatment-related determinants of H. pylori eradication
failure are summarized in Table 2, while their interactions and clinical implications are
illustrated in Figure 2.

Table 2. Major host-, lifestyle-, bacterial-, and treatment-related determinants contributing to H. pylori
eradication failure and their clinical implications.

Domain Determinant Clinical Impact Refs.

Host-related

Poor adherence
Frequently the strongest modifiable

predictor of treatment failure and reduced
eradication success.

[31–33]

Treatment intolerance
Reduces treatment adherence and

completion, thereby lowering eradication
success.

[34,36]

Variable acid suppression
Limits antibiotic activity by reducing
intragastric pH control and decreases

treatment efficacy.
[37,38]

CYP2C19 polymorphisms
Influence proton pump inhibitor

metabolism, resulting in variable treatment
response.

[37,38]

Lifestyle/Metabolic Obesity and metabolic
dysfunction

Associated with lower eradication rates,
possibly because of altered drug

pharmacokinetics, chronic inflammation,
and metabolic impairment.

[39,41]

Bacterial

Biofilm formation
Reduces antibiotic penetration and

promotes bacterial persistence despite
treatment.

[8,46]

Heteroresistance
May result in incomplete eradication

because susceptible and resistant bacterial
subpopulations coexist.

[8]

Intracellular persistence Protects bacteria from antimicrobial
exposure and host immune responses. [48,49]

High bacterial burden Increases the likelihood of persistent
infection and lowers eradication success. [51,52]

Treatment-related

Inadequate treatment duration Reduces eradication efficacy by providing
insufficient antimicrobial exposure. [53,54]

Suboptimal dosing Limits bacterial clearance and increases the
risk of persistent infection. [53]

Complex multidrug regimens
Increase treatment burden, reduce

adherence, and compromise treatment
completion.

[54,56]

Taken together, the evidence demonstrates that eradication failure is a multifactorial
process rather than a consequence of AMR alone. Host characteristics, bacterial adaptive
mechanisms, and treatment-related factors frequently interact to reduce therapeutic success.
Recognizing these determinants provides the foundation for precision-guided management,
in which treatment decisions should integrate patient characteristics, bacterial factors, and
treatment-related considerations to maximize eradication success.
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Figure 2. Multifactorial determinants contributing to H. pylori eradication failure. Host-, lifestyle-,
bacterial-, and treatment-related factors interact to influence eradication outcomes. Recognition
of these interconnected determinants supports precision-guided management and individualized
treatment strategies.

5. Transition Toward Precision-Guided H. pylori Management
Precision-guided management involves more than choosing antibiotics according to

susceptibility testing results. Treatment decisions should also consider previous eradication
history, prior antibiotic exposure, regional resistance patterns, patient characteristics, and
the resources available within each healthcare system [3,12]. Within this framework,
susceptibility-guided therapy is one important tool for selecting individualized treatment.
The overall goal is to improve eradication success while avoiding unnecessary antibiotic
exposure and supporting antimicrobial stewardship [3,6,12].

5.1. Limitations of Universal Empirical Therapy

For many years, empirical therapy has been the standard approach for H. pylori erad-
ication because treatment can be initiated without prior susceptibility testing. However,
increasing AMR has progressively reduced the reliability of this strategy. As resistance
patterns vary substantially among regions, eradication outcomes have become progres-
sively dependent on local epidemiology rather than on universal treatment recommen-
dations [54,57]. Data from the European Registry on H. pylori Management (Hp-EuReg)
demonstrated substantial variability in treatment practices and eradication outcomes across
participating countries, emphasizing the limitations of a universal therapeutic strategy [54].
Consequently, international guidelines recommend adapting treatment selection accord-
ing to regional resistance epidemiology and, when available, individual susceptibility
data [3,20,58].

Despite these limitations, empirical therapy remains the most widely used approach
in routine clinical practice because susceptibility testing is not universally available. Differ-
ences in healthcare infrastructure, laboratory capacity, cost, and access to diagnostic testing
continue to influence treatment selection worldwide [3,59]. Consequently, growing thera-
peutic variability has accelerated interest in individualized approaches that incorporate
resistance information into treatment decision-making.

The choice between empirical and resistance-guided therapy should be determined
by the clinical setting. Empirical treatment remains appropriate where local resistance
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patterns support its use or where susceptibility testing is not readily available. However,
resistance-guided treatment is preferable in regions with high clarithromycin resistance,
after previous eradication failure, or whenever reliable susceptibility data can be obtained.
Selecting therapy according to these factors increases the likelihood of successful erad-
ication while reducing unnecessary antibiotic exposure and supporting antimicrobial
stewardship [3,20,58].

5.2. Phenotypic Susceptibility Testing

Phenotypic susceptibility testing remains the reference approach for assessing AMR in
H. pylori because it directly measures bacterial growth in the presence of antibiotics. Unlike
molecular methods, which infer resistance from specific genetic alterations, phenotypic test-
ing evaluates the overall susceptibility profile of a cultured isolate and provides information
across multiple antimicrobial classes. Mégraud and Lehours emphasized that culture-based
testing continues to serve as the foundation for resistance characterization and antimicro-
bial surveillance [60]. Successful phenotypic testing requires isolation of viable H. pylori
from gastric biopsy specimens obtained during endoscopy. However, culture is technically
demanding because the organism grows slowly, requires specialized media, and must
be maintained under microaerophilic conditions. Diagnostic performance may also be
influenced by specimen handling, transport conditions, and recent exposure to antibiotics
or acid-suppressive therapy. These factors have limited the routine implementation of
culture-based testing in many clinical settings [60,61].

Among available methods, agar dilution remains the reference standard for deter-
mining minimum inhibitory concentrations (MICs). The technique provides highly re-
producible quantitative results and serves as the benchmark against which alternative
susceptibility methods are evaluated. Nevertheless, agar dilution is labor-intensive, re-
quires preparation of multiple antibiotic-containing media, and is generally restricted to
specialized laboratories [60,62]. The E-test was developed as a simpler alternative that
generates quantitative MIC values using antibiotic gradient strips. Several studies have
demonstrated good agreement between E-test and agar dilution results for clinically im-
portant antibiotics, supporting its use in routine susceptibility testing when standardized
protocols are applied [62–64].

In clinical practice, phenotypic susceptibility testing is particularly useful for patients
with previous eradication failure, multiple unsuccessful treatment attempts, or suspected
multidrug-resistant infection. When culture facilities and technical expertise are available,
these methods provide comprehensive susceptibility profiles that support selection of
effective salvage therapy and contribute to regional AMR surveillance [3,60,61].

Despite their diagnostic value, phenotypic methods face important practical limita-
tions. Culture failure may occur because of low bacterial density, uneven gastric colo-
nization, or suboptimal specimen handling. In addition, prolonged turnaround times,
specialized laboratory expertise, and limited availability continue to restrict access to sus-
ceptibility testing in many regions. Ng et al. highlighted that these barriers remain major
obstacles to the widespread implementation of culture-guided management, particularly
in resource-limited settings [61]. Phenotypic susceptibility testing provides direct and clini-
cally relevant resistance information. However, its complexity and limited availability re-
strict routine clinical use. These limitations have increased interest in molecular approaches
that provide resistance results more rapidly and require fewer laboratory resources.

5.3. Molecular Resistance Detection

The limitations of culture-based susceptibility testing have accelerated the devel-
opment of molecular methods for resistance detection in H. pylori. Unlike phenotypic
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approaches, molecular assays identify resistance-associated genetic alterations directly
from bacterial isolates or clinical specimens without requiring bacterial culture. This capa-
bility shortens turnaround time and improves access to resistance testing in routine clinical
practice [65,66]. Detection of clarithromycin resistance represents the most established
clinical application of molecular testing. Point mutations within the 23S rRNA gene, partic-
ularly A2142G and A2143G substitutions, are strongly associated with treatment failure
and can be identified directly from gastric biopsy specimens. Cambau et al. demonstrated
high diagnostic accuracy for molecular detection of clarithromycin-resistant strains, and
these mutations remain the principal markers used to guide clarithromycin-containing
therapy [67].

Molecular approaches have also improved the detection of fluoroquinolone resistance.
Mutations involving codons 87 and 91 of the gyrA gene are closely associated with reduced
susceptibility to levofloxacin and can be identified using PCR-based assays, sequencing
platforms, and commercial hybridization systems. Multiple studies have demonstrated
strong concordance between these mutations and phenotypic resistance, supporting their
clinical utility in treatment selection [67,68]. Several molecular platforms are currently avail-
able, including real-time PCR, line probe assays, targeted sequencing, and whole-genome
sequencing. PCR-based methods remain the most widely used because they are rapid,
relatively inexpensive, and suitable for routine diagnostic laboratories. Sequencing tech-
nologies provide broader genetic information and enable simultaneous analysis of multiple
resistance-associated loci, facilitating detection of emerging resistance determinants [69,70].

Despite these advantages, molecular resistance testing has important limitations. Not
all resistance mechanisms are explained by well-characterized genetic markers. Prediction
of metronidazole resistance remains challenging because multiple genetic pathways may
contribute to the resistant phenotype. In addition, the presence of a resistance-associated
mutation does not always correspond to complete phenotypic resistance, whereas resis-
tant isolates may occasionally lack recognized genetic markers. Consequently, genotype–
phenotype concordance remains strongest for clarithromycin and fluoroquinolone resis-
tance but less reliable for several other antibiotics [68,69]. Molecular assays can also detect
mixed bacterial populations containing both susceptible and resistant subpopulations
within the same host. Cambau et al. reported frequent identification of mixed genotypes,
reflecting either coinfection with multiple strains or coexistence of susceptible and resistant
variants [67].

Molecular testing has become increasingly valuable in routine clinical practice because
it provides clinically relevant resistance information within a short timeframe. It is partic-
ularly useful when rapid treatment decisions are required or when culture-based testing
is unavailable. In appropriately resourced healthcare settings, molecular diagnostics can
support both first-line treatment selection and management of patients who require rescue
therapy [65–69].

Molecular resistance testing provides rapid identification of clinically relevant resis-
tance markers and has become an important tool for treatment selection, particularly when
culture-based susceptibility testing is unavailable or impractical. Although it does not com-
pletely replace phenotypic susceptibility testing, it has become an important component of
contemporary precision-guided management strategies.

5.4. Clinical Applications of Tailored Therapy

The principal objective of susceptibility testing is to support selection of the most ap-
propriate eradication regimen for an individual patient. By identifying resistance-associated
characteristics before treatment, tailored therapy can reduce exposure to ineffective an-
tibiotics and improve the likelihood of successful eradication [71]. The clinical value of
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individualized treatment is particularly evident during first-line therapy selection. Molecu-
lar detection of clarithromycin resistance allows susceptible infections to be treated with
clarithromycin-containing regimens while directing resistant cases toward alternative strate-
gies. Tailored therapy achieved higher eradication rates and reduced overall medical costs
than empirical treatment [72].

Resistance-guided treatment may provide even greater benefit after eradication failure.
Patients requiring salvage therapy frequently harbor strains with acquired resistance to
previously administered antibiotics, reducing the effectiveness of empirical retreatment.
Tailored bismuth-based quadruple therapy achieved higher eradication rates than empirical
levofloxacin-based rescue therapy after failure of clarithromycin-containing regimens [73].
Similar observations were reported by Liou et al., who demonstrated superior outcomes
with genotypic resistance-guided treatment in refractory infection [74]. Recent evidence
suggests that molecular testing may provide a practical alternative to conventional culture-
guided management. Chen et al. reported eradication outcomes with molecular testing-
guided therapy that were comparable to those achieved using culture-based susceptibility
testing, supporting the integration of molecular diagnostics into routine clinical practice
where culture facilities are limited [75].

Randomized studies have generally shown that susceptibility-guided therapy im-
proves eradication rates by about 5–15% compared with empirical treatment. However,
the size of this benefit varies according to local resistance patterns, previous antibiotic
exposure, and patient selection [72–75].

Beyond improving eradication success, individualized treatment may support antimi-
crobial stewardship by reducing unnecessary exposure to ineffective antibiotics. For this
reason, current consensus reports advocate greater incorporation of resistance testing into
treatment algorithms whenever feasible [3]. Despite these advantages, implementation
remains uneven across healthcare systems. Access to culture facilities, molecular diagnostic
platforms, trained personnel, and reimbursement mechanisms varies substantially among
regions. In many settings, susceptibility testing is not routinely available before initial
treatment, limiting the practical application of individualized management strategies. No
single diagnostic or therapeutic strategy is appropriate for every patient or healthcare
setting. The optimal approach should be guided by regional resistance patterns, previous
antibiotic exposure, patient characteristics, availability of diagnostic testing, and local
healthcare resources. This flexible approach allows clinicians to balance scientific evidence
with practical considerations when selecting eradication therapy [3,12,58].

Importantly, therapeutic strategies should always be selected according to the clinical
setting. Empirical first-line therapy remains appropriate where local resistance patterns
support its use or susceptibility testing is unavailable. In contrast, susceptibility-guided
treatment is particularly valuable after previous eradication failure, in patients with re-
peated antibiotic exposure, or in regions with high clarithromycin resistance where reliable
susceptibility data can guide treatment selection. Treatment decisions should also consider
patient-specific factors, including medication allergy, treatment tolerability, adherence, and
prior antimicrobial use. Population-based H. pylori screening programs generally rely on
locally recommended empirical regimens because individualized susceptibility testing is
often not practical on a large scale [3,12,20,58,59].

Overall, the available evidence supports susceptibility-guided therapy as the preferred
strategy whenever reliable resistance testing is available. However, successful precision-
guided management requires more than susceptibility testing alone. Treatment decisions
should also consider previous eradication history, regional resistance patterns, patient
characteristics, treatment availability, and healthcare resources. Where susceptibility testing
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is unavailable, optimized empirical therapy based on current regional surveillance remains
an appropriate and evidence-based alternative [3,12,58].

The selection of the most appropriate resistance-testing method should be based on
the clinical question, available laboratory resources, turnaround time, and local expertise.
The principal characteristics, advantages, and limitations of phenotypic and molecular
resistance-testing approaches are summarized in Table 3. The clinical workflow of person-
alized eradication therapy is illustrated in Figure 3. Once individualized treatment has
been selected, the next challenge is choosing the most appropriate eradication regimen.
The following section reviews current and emerging therapeutic strategies within this
precision-guided framework.

Table 3. Comparison of phenotypic and molecular resistance-testing approaches in H. pylori management.

Characteristic Phenotypic
Susceptibility Testing

Molecular
Resistance Testing Key Clinical Implication Refs.

Principle
Direct measurement of
bacterial growth in the
presence of antibiotics

Detection of
resistance-associated

genetic mutations

Phenotypic testing
measures expressed
resistance, whereas

molecular testing predicts
resistance from validated

genetic markers.

[60,65]

Sample requirement
Viable H. pylori isolate
obtained from gastric

biopsy culture

Gastric biopsy DNA
or cultured isolates

Molecular testing can be
performed without
successful bacterial

culture, increasing its
clinical applicability.

[60,66]

Main methods Agar dilution, E-test

PCR, real-time PCR,
line probe assays,

targeted sequencing,
whole-genome

sequencing

Method selection depends
on laboratory expertise,
available resources, and

the clinical question.

[62,64,69]

Resistance
information

provided

Susceptibility profile for
tested antibiotics

Identification of
specific

resistance-associated
mutations

Phenotypic testing
provides broader

susceptibility data,
whereas molecular testing

is most effective for
targeted resistance

detection.

[67,68]

Turnaround time Longer because bacterial
culture is required

Rapid, often within
hours to a few days

Rapid molecular testing
may support earlier

treatment optimization.
[61,65]

Clarithromycin-
resistance detection

Direct phenotypic
confirmation

High diagnostic
accuracy for 23S
rRNA mutations

The most established
clinical application of
molecular resistance

testing.

[67,68]

Fluoroquinolone
resistance detection

Direct phenotypic
confirmation

Detection of gyrA
mutations associated

with resistance

Supports selection of
appropriate salvage

therapy when
fluoroquinolone

resistance is suspected.

[67,68]
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Table 3. Cont.

Characteristic Phenotypic
Susceptibility Testing

Molecular
Resistance Testing Key Clinical Implication Refs.

Detection of novel or
uncommon
resistance

mechanisms

Possible when resistance
is expressed

phenotypically

Limited to known
genetic targets

Phenotypic testing
remains important when

resistance mechanisms are
uncertain or previously

unrecognized.

[60,69]

Genotype–
phenotype

concordance

Reflects observed
antimicrobial
susceptibility

Genetic mutations
may not always

predict expressed
resistance

Discordance is most
relevant for antibiotics
such as metronidazole,

where multiple resistance
mechanisms exist.

[68,69]

Technical
requirements

Specialized culture
facilities and trained

personnel

Molecular diagnostic
platform and

technical expertise

Resource availability,
laboratory infrastructure,

and local expertise
influence test selection.

[61,70]

Current clinical role

Reference standard for
comprehensive
susceptibility
assessment

Increasingly used to
support

individualized
treatment selection

Both approaches are
complementary and
should be selected

according to the clinical
setting and available

resources.

[12,75]

Figure 3. Precision-guided management pathway for H. pylori eradication. Resistance-testing results
are integrated with previous treatment history, patient characteristics, and regional resistance patterns
to support individualized treatment selection, post-treatment assessment, and salvage therapy.

6. Contemporary and Emerging Eradication Strategies
6.1. Optimized First-Line Eradication Strategies

The progressive decline in the effectiveness of conventional clarithromycin-based
triple therapy has accelerated the adoption of alternative first-line regimens capable of
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maintaining high eradication rates despite increasing AMR. Recent treatment strategies
seek to improve eradication outcomes through optimization of antibiotic selection, acid
suppression, and treatment duration while minimizing unnecessary antibiotic exposure
and preserving treatment tolerability [76–78].

Among currently available options, BQT remains one of the most reliable empirical
first-line regimens, particularly in regions with moderate-to-high resistance rates. The ther-
apeutic contribution of bismuth extends beyond direct antibacterial activity, as it enhances
antibiotic efficacy and may partially mitigate the impact of resistance to key antimicrobial
agents [79]. Multiple randomized trials and meta-analyses have consistently demonstrated
that BQT achieves high and reproducible eradication rates across diverse populations
while maintaining effectiveness in settings where clarithromycin-containing regimens per-
form less favorably [80–82]. Evidence also indicates that treatment optimization remains
important even within this regimen class. Longer treatment durations, particularly 10–
14-day courses, are generally associated with superior eradication outcomes compared
with shorter regimens, with tetracycline-containing combinations showing particularly
favorable results [83,84]. Accordingly, BQT has become a cornerstone empirical strategy
in many present treatment settings. Across recent randomized trials and meta-analyses,
optimized BQT has consistently achieved eradication rates above 90%, including in many
regions where clarithromycin resistance is common [80–84].

Advances in acid suppression have further expanded first-line therapeutic options.
Vonoprazan, a potassium-competitive acid blocker, provides more rapid, potent, and
sustained gastric acid suppression than conventional proton pump inhibitors, thereby
creating conditions that enhance antibiotic activity against H. pylori [85]. Accumulating
evidence indicates that vonoprazan-based regimens achieve eradication rates that are at
least comparable and often superior to those obtained with traditional PPI-based therapies,
without compromising safety or tolerability [86–88]. The clinical advantage of vonoprazan
appears particularly relevant in infections involving clarithromycin-resistant strains, where
enhanced acid control may help improve treatment efficacy [89]. Recent studies have also
reported eradication rates above 90% with several vonoprazan-based regimens, support-
ing their role as effective first-line treatment options [86–91]. More recently, simplified
vonoprazan-amoxicillin dual therapy has attracted considerable interest as a strategy that
reduces regimen complexity and limits exposure to multiple antibiotics while maintaining
favorable eradication outcomes. Randomized trials and subsequent pooled analyses sug-
gest that optimized dual therapy can achieve efficacy comparable to established quadruple
regimens in appropriately selected patients [90,91].

A similar effort to simplify treatment while preserving effectiveness has driven interest
in HDDT. This approach combines intensive acid suppression with frequent administration
of high-dose amoxicillin to maintain sustained intragastric antibiotic exposure. Clinical
studies have demonstrated eradication rates exceeding 90% in several treatment settings,
with efficacy comparable to more complex multidrug regimens [92–95]. Furthermore,
HDDT offers potential advantages in reducing overall antibiotic burden, limiting exposure
to agents affected by widespread resistance, and improving treatment adherence through
a more focused therapeutic strategy [96,97]. Nevertheless, successful implementation de-
pends on strict dosing schedules and adequate acid suppression, factors that may influence
its applicability in routine clinical practice.

These regimens provide complementary first-line options that can be selected ac-
cording to regional resistance patterns, patient characteristics, and healthcare resources.
BQT, vonoprazan-based regimens, and HDDT represent effective first-line options whose
relative performance depends on regional resistance patterns, treatment availability, and
patient-specific factors. Current evidence supports selecting therapy according to local
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epidemiology and clinical context rather than relying on a universally preferred regi-
men [88,98].

Overall, no single first-line regimen is universally superior across all clinical set-
tings. The optimal choice depends on regional resistance patterns, previous antibiotic
exposure, drug availability, patient characteristics, and local guideline recommendations.
This evidence supports individualized regimen selection rather than a uniform treatment
approach [3,58,88].

6.2. Salvage and Rescue Treatment Strategies

Despite substantial advances in first-line eradication therapy, treatment failure remains
a clinically important challenge. Patients who do not achieve successful eradication require
carefully selected retreatment strategies because repeated antibiotic exposure progressively
limits therapeutic options and increases the likelihood of resistance. Thus, the selection
of salvage therapy should consider previous treatment history, prior antibiotic exposure,
local resistance patterns, and, whenever available, susceptibility testing results [99,100].
Levofloxacin-based regimens emerged as attractive salvage options because of their relative
simplicity, favorable tolerability, and initially high eradication rates. Early clinical studies
demonstrated that levofloxacin-containing triple therapy achieved eradication rates com-
parable or superior to traditional bismuth-based rescue regimens while being associated
with fewer adverse effects and improved treatment adherence [99,101,102]. Subsequent
investigations confirmed the efficacy of levofloxacin-containing therapies as second-line
and third-line treatment options, supporting their incorporation into rescue treatment
algorithms after failure of clarithromycin-based regimens [103–105].

However, the long-term effectiveness of levofloxacin-based therapy has been chal-
lenged by the global rise in fluoroquinolone resistance. Several studies demonstrated that
eradication success declines substantially in the presence of levofloxacin-resistant strains,
largely due to mutations affecting bacterial DNA gyrase. Therefore, eradication outcomes
have become progressively less predictable in regions with high fluoroquinolone resistance
rates, limiting the empirical use of levofloxacin-containing regimens [106,107]. Real-world
observational data further indicate that although levofloxacin-based rescue therapy remains
effective in selected settings, resistance trends must be carefully considered when choosing
this approach [108].

For patients with multiple eradication failures, rifabutin-based therapy has emerged
as an important rescue option. The clinical rationale for rifabutin use is supported by the
relatively low prevalence of resistance compared with other commonly used antibiotics.
Studies evaluating rifabutin-containing regimens have reported eradication rates of approx-
imately 80–90% in patients with multiple previous treatment failures, although results vary
between clinical settings [109–113]. More recently, the development of optimized rifabutin-
based combinations has renewed interest in this strategy. In a large randomized trial,
rifabutin-based therapy achieved significantly higher eradication rates than comparator
treatment while maintaining an acceptable safety profile [111].

Nonetheless, rifabutin therapy is not without limitations. Because rifabutin is also used
for the treatment of mycobacterial infections, its widespread use raises concerns regarding
antimicrobial stewardship and the potential development of resistance in non-H. pylori
pathogens. In addition, clinicians should remain aware of uncommon but potentially impor-
tant adverse effects, including hematologic toxicity, particularly when prolonged treatment
courses are considered [112]. For these reasons, most experts reserve rifabutin-based ther-
apy for carefully selected patients with refractory infection after failure of standard rescue
regimens [112,113].
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Recent studies suggest that salvage therapy should be individualized according to
prior treatment exposure and resistance patterns. Successful retreatment depends on thera-
peutic selection guided by previous antibiotic exposure, regional resistance epidemiology,
treatment availability, and patient-specific clinical factors. As the number of prior eradica-
tion failures increases, the value of susceptibility-guided treatment becomes progressively
greater, helping clinicians avoid ineffective antibiotic reuse and improve the likelihood of
successful eradication [100,114].

Accordingly, modern rescue strategies are evolving from empiric retreatment toward
a more personalized approach that seeks to maximize eradication success while preserving
future treatment options. Whenever feasible, susceptibility testing should be considered
before selecting rescue therapy, particularly after repeated eradication failures, to reduce
unnecessary antibiotic reuse and improve the probability of successful treatment [3,100,114].

6.3. Adjunctive Therapeutic Optimization: Probiotics and Treatment Adherence

Despite advances in antimicrobial regimens, eradication failure remains influenced not
only by bacterial resistance but also by treatment-related adverse events and suboptimal
adherence. Consequently, adjunctive strategies that improve treatment tolerability and
support completion of therapy have attracted increasing attention. Among these, probiotics
have been the most extensively investigated. Experimental and clinical studies suggest
that selected probiotic strains may interfere with H. pylori colonization, modulate local
inflammatory responses, enhance mucosal barrier function, and help restore gastrointestinal
microbial balance disrupted by antibiotic exposure. However, probiotics should be regarded
as supportive interventions rather than independent eradication therapies and should
always be used in combination with standard antimicrobial treatment [115,116].

Evidence from randomized controlled trials, meta-analyses, and umbrella reviews
consistently indicates that adjunctive probiotic supplementation provides modest but
reproducible clinical benefits. Overall, probiotics increase eradication rates by about 5–10%
and consistently reduce treatment-related gastrointestinal adverse events, particularly
diarrhea, nausea, and abdominal discomfort [117–122]. Better treatment tolerability may
also improve adherence and contribute to successful eradication.

Despite these encouraging findings, important limitations remain. Considerable het-
erogeneity exists among studies regarding probiotic strains, formulations, doses, treatment
duration, and timing of administration. Consequently, no single probiotic preparation can
currently be recommended as the preferred adjunctive therapy for all patients [119–122].

Growing evidence also suggests that probiotic effects may be strain dependent.
Lactobacillus-containing preparations have been among the most extensively studied
and have shown favorable effects on both eradication rates and treatment tolerability [123].
Multi-strain formulations have also demonstrated potential benefits, particularly in re-
ducing antibiotic-associated diarrhea and improving overall treatment tolerability [124].
Nevertheless, additional well-designed comparative studies are needed to identify the pro-
biotic formulations that provide the greatest clinical benefit in different treatment settings.

Beyond probiotics, optimization of adherence remains a critical component of suc-
cessful eradication therapy. Complex multidrug regimens, frequent dosing schedules, and
treatment-related adverse events remain major barriers to treatment completion. Shrestha
et al. demonstrated that inadequate adherence remains an important contributor to treat-
ment failure, emphasizing the importance of patient education, simplified treatment strate-
gies when feasible, and proactive management of adverse events [125]. These measures are
inexpensive, widely applicable, and can substantially improve treatment success in routine
clinical practice.
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Overall, current evidence supports probiotics as adjunctive rather than primary ther-
apy for H. pylori eradication. Their principal benefit lies in improving treatment tolerability
and supporting adherence, whereas improvements in eradication rates are generally mod-
est and may vary according to the probiotic strain and treatment regimen. Therefore,
probiotic supplementation may be particularly useful for patients at increased risk of
treatment-related adverse events or poor adherence rather than as a routine intervention
for all patients [117–124].

A comparative summary of the principal current and emerging eradication regimens,
including their therapeutic rationale, major advantages, limitations, and potential clinical
applications, is presented in Table 4. To facilitate integration of these therapeutic options
into clinical decision-making, Figure 4 illustrates a simplified framework for selecting and
optimizing first-line and rescue eradication strategies according to treatment history and
patient-specific considerations. Although these therapeutic strategies have substantially
improved eradication outcomes, their successful implementation depends on more than
clinical efficacy alone. Access to susceptibility testing, healthcare infrastructure, economic
resources, and regional healthcare disparities continue to determine whether precision-
guided management can be applied in routine practice.

Table 4. Comparative summary of contemporary first-line, rescue, and optimization strategies for H.
pylori eradication.

Regimen Clinical Role Key Advantages Key Limitations Preferred Clinical
Setting Refs.

BQT First-line and
rescue therapy

High eradication
efficacy; activity

maintained despite
clarithromycin

resistance; extensive
clinical experience

High pill burden;
treatment

complexity may
reduce

adherence

Preferred empirical
regimen in regions with

high clarithromycin
resistance, previous

macrolide exposure, or
when susceptibility

testing is unavailable.

[3,58]

Vonoprazan-
based therapy

Optimized
first-line
therapy

Rapid and sustained
acid suppression;

simplified
administration; high
eradication efficacy

Limited
availability;

higher cost in
some healthcare

systems

Prefer when
vonoprazan is available,
particularly in patients
who may benefit from

enhanced acid
suppression or

simplified treatment.

[85,88]

High-dose dual
therapy (HDDT)

Simplified
first-line

alternative

Reduced antibiotic
exposure; favorable

safety profile;
simplified antibiotic

regimen

Requires strict
dosing

adherence and
effective acid
suppression

Consider when
minimizing

unnecessary antibiotic
exposure is a priority

and the patient is likely
to adhere to frequent

dosing.

[93]

Levofloxacin-
based therapy

Second-line
salvage
therapy

Well-established
rescue option;
generally well

tolerated

Declining
efficacy in

regions with
high

fluoroquinolone
resistance

Reserve for patients
with susceptible strains
or in regions with low

fluoroquinolone
resistance, preferably

after susceptibility
testing.

[99]
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Table 4. Cont.

Regimen Clinical Role Key Advantages Key Limitations Preferred Clinical
Setting Refs.

Rifabutin-based
therapy

Later-line
rescue therapy

Active against many
multidrug-resistant
strains; useful after
multiple treatment

failures

Potential
hematologic

toxicity;
antimicrobial
stewardship

concerns

Reserve for carefully
selected patients with

refractory infection
after failure of standard

rescue regimens.

[112]

Adjunctive
probiotic

supplementation

Supportive
treatment

optimization

Improves treatment
tolerability; may

reduce
gastrointestinal
adverse events;

modest
improvement in
eradication rates

Benefits vary
according to

probiotic strain,
dose, and
treatment
protocol

Use as adjunctive
therapy in patients at

increased risk of
treatment-related

adverse events or poor
treatment adherence.

[117,120]

Figure 4. Recent therapeutic framework for the selection and optimization of first-line and rescue H.
pylori eradication strategies. The figure summarizes the major therapeutic approaches currently used
for H. pylori eradication, including first-line regimens, rescue treatment options following eradication
failure, and adjunctive measures that may enhance treatment effectiveness. Therapeutic selection
should integrate previous treatment history, regional resistance patterns, patient-related factors, and,
whenever available, susceptibility testing to support precision-guided management.

7. Clinical, Economic, and Structural Barriers to
Precision-Guided Eradication
7.1. Limited Access to Resistance Testing

Although resistance-guided therapy is increasingly recommended by international
guidelines, access to AST remains limited in many healthcare systems. Culture-based
testing requires endoscopy, specialized microbiology laboratories, trained personnel, and
meticulous specimen handling, making routine implementation difficult outside tertiary
referral centers [126,127]. Molecular assays provide faster results and simpler workflows
but remain unevenly available because of differences in laboratory infrastructure, diagnostic
capacity, cost, and reimbursement policies [128,129].
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As a result, treatment decisions in many regions continue to rely on empirical regimens
guided by regional resistance estimates rather than patient-specific susceptibility data [18].
This gap between guideline recommendations and real-world practice represents one of the
principal obstacles to implementing precision-guided H. pylori management worldwide.

Furthermore, limited access to susceptibility testing has implications beyond indi-
vidual patient care. Continued reliance on empirical therapy increases the likelihood
of repeated exposure to ineffective antibiotics, potentially contributing to additional re-
sistance selection and reducing future therapeutic options. Expanding access to reliable
resistance testing is therefore important for both individualized treatment and antimicrobial
stewardship [18,126].

7.2. Economic Constraints and Guideline Variability

The implementation of precision-guided management is influenced not only by diag-
nostic availability but also by economic considerations. Resistance testing increases upfront
healthcare costs through laboratory procedures, specialized equipment, and trained person-
nel. Nonetheless, several economic evaluations suggest that susceptibility-guided treatment
may become cost-effective by reducing repeated treatment failures, unnecessary antibiotic
exposure, and the need for rescue therapy [130,131]. Importantly, cost-effectiveness is
highly context dependent and varies according to regional resistance prevalence, diagnostic
costs, healthcare infrastructure, and reimbursement policies.

Implementation is complicated by differences among international guidelines. Al-
though recent consensus reports consistently recognize the value of susceptibility-guided
therapy, they differ regarding indications for resistance testing, patient selection, preferred
diagnostic methods, and treatment algorithms [3,58]. These differences largely reflect
variations in regional AMR patterns, healthcare resources, and access to diagnostic tech-
nologies rather than conflicting scientific evidence. Nevertheless, such variability may
complicate implementation and create uncertainty for clinicians practicing across different
healthcare systems.

The economic value of precision-guided management should also be considered in
relation to long-term eradication outcomes. Although susceptibility testing increases the
initial cost of care, several studies have shown that tailored therapy may reduce repeated
treatment failures, unnecessary antibiotic use, and additional healthcare visits. As a result,
individualized treatment can become cost-effective, particularly in regions with high
antimicrobial resistance or in patients with previous eradication failure. However, the
overall economic benefit varies according to local resistance patterns, testing costs, and
available healthcare resources [130,131].

7.3. Global Disparities and Future Challenges

Substantial global disparities continue to influence access to contemporary H. pylori
management. Regions with the highest infection burden frequently have the least access to
susceptibility testing, resistance surveillance programs, and newer therapeutic options [18].
Consequently, empirical therapy remains the only practical treatment strategy in many
low-resource settings despite increasing AMR.

These inequalities also present important antimicrobial stewardship challenges. Re-
peated use of empirical regimens in areas where resistance patterns are poorly characterized
may accelerate the selection of resistant strains and further reduce future treatment effec-
tiveness [3,18]. Addressing these disparities will require coordinated efforts to strengthen
laboratory infrastructure, expand resistance surveillance, improve access to molecular
diagnostics, and promote equitable availability of effective eradication therapies.
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Future implementation of precision-guided management should therefore focus not
only on developing more advanced diagnostic technologies but also on ensuring that these
innovations are accessible, affordable, and adaptable across diverse healthcare settings.
Without improvements in healthcare infrastructure and international surveillance, the
benefits of precision medicine are likely to remain concentrated in well-resourced regions.

The major barriers limiting implementation of precision-guided H. pylori eradica-
tion strategies and the corresponding opportunities for improvement are summarized in
Table 5. Overall, current evidence indicates that the principal barriers to precision-guided
eradication are no longer primarily scientific but practical. Although effective diagnos-
tic technologies and individualized treatment strategies are increasingly available, their
successful implementation depends on healthcare infrastructure, economic sustainability,
laboratory capacity, and coordinated antimicrobial stewardship. Overcoming these chal-
lenges will be essential before precision-guided management can become routine clinical
practice worldwide.

Table 5. Major barriers limiting implementation of precision-guided H. pylori eradication strategies
and recommended approaches to overcome them.

Barrier Clinical Impact Recommended Strategy Refs.

Limited access to AST
Sustains reliance on empirical
therapy and reduces treatment

individualization

Expand access to both
culture-based and molecular

susceptibility testing.
[126,127]

Laboratory and
infrastructure limitations

Restrict diagnostic capacity and
delay implementation of

precision-guided management

Strengthen laboratory networks,
regional reference centers, and

diagnostic infrastructure.
[129,132]

Delayed availability of
resistance results

Limits timely optimization of
therapy

Implement rapid molecular
diagnostic platforms and shorter

reporting pathways.
[128,129]

Variation among
international guidelines

Produces differences in testing
indications and treatment

algorithms

Harmonize recommendations
while maintaining regional

flexibility based on local resistance
epidemiology.

[3,58]

Inadequate resistance
surveillance

Weakens evidence-based
empirical therapy and

antimicrobial stewardship

Expand national and international
surveillance networks with

standardized reporting.
[18,126]

Economic and
reimbursement constraints

Limit routine adoption of
susceptibility-guided therapy

Develop reimbursement policies
and prioritize cost-effective

targeted testing.
[130]

Global inequities in
healthcare resources

Restrict access to diagnostics
and optimized therapies

Improve equitable access to
diagnostic technologies, effective

treatments, and laboratory capacity.
[3,18]

Addressing these barriers will require not only improvements in healthcare systems
but also continued technological innovation. The following section discusses emerging
diagnostic and digital technologies that may facilitate broader implementation of precision-
guided management.

8. Future Directions in Precision H. pylori Management
8.1. Toward Rapid and Precision-Guided Diagnostics

The transition from empirical treatment toward precision-guided management will
depend heavily on the development of diagnostic tools capable of providing rapid, ac-
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curate, and clinically actionable information. Although conventional culture-based sus-
ceptibility testing remains the reference standard for AMR assessment, its widespread
implementation is limited by technical complexity, specialized laboratory requirements,
and prolonged turnaround times. These limitations have stimulated growing interest in
molecular approaches that can identify both H. pylori infection and resistance-associated
mutations directly from clinical specimens, thereby facilitating earlier therapeutic decision-
making [66,133,134].

Among emerging technologies, PCR-based platforms have demonstrated particular
promise for rapid resistance profiling. Early studies showed that real-time PCR can accu-
rately detect key clarithromycin-resistance mutations directly from gastric biopsy samples,
providing results within hours rather than days required for conventional culture meth-
ods [135,136]. Similarly, fluorescence in situ hybridization and other molecular assays
have enabled direct identification of resistant strains in clinical specimens without the
need for bacterial isolation [137]. More recently, advances in next-generation sequencing
and multiplex molecular testing have expanded the capacity to characterize resistance
determinants comprehensively, offering opportunities for broader resistance surveillance
and individualized treatment selection [66,138].

An additional area of rapid innovation involves the development of point-of-care
diagnostic technologies. Biosensor-based platforms, microfluidic devices, and lab-on-a-chip
systems have attracted increasing attention because they combine miniaturization, rapid
processing, and reduced dependence on centralized laboratory infrastructure [139,140].
These technologies are designed to simplify diagnostic workflows while maintaining high
analytical performance, making them particularly attractive for use in resource-limited
settings where access to specialized testing remains restricted. Although these technologies
show considerable promise, most remain at different stages of clinical development and
require further validation before widespread implementation. Their future clinical value
will depend not only on analytical performance but also on affordability, accessibility,
regulatory approval, and successful integration into routine healthcare systems [139–141].
Recent developments have further incorporated advanced signal amplification strategies
and portable detection systems, improving the feasibility of near-patient resistance testing.

Looking ahead, CRISPR-enabled diagnostic platforms represent a particularly promis-
ing frontier in H. pylori management. These systems offer the potential for highly sensitive
and specific detection of pathogen-associated targets while reducing testing complexity and
turnaround times. If successfully validated in prospective clinical studies, these platforms
could support more individualized treatment decisions by simultaneously confirming
infection and detecting clinically relevant resistance markers during the same diagnostic
workflow [141]. These advances suggest that future diagnostic strategies will move beyond
simple infection detection toward integrated molecular characterization of AMR. Such
developments may substantially shorten the interval between diagnosis and treatment se-
lection, providing a critical foundation for the broader implementation of precision-guided
H. pylori eradication strategies.

8.2. AI-Assisted and Data-Driven Therapeutic Selection

The growing availability of clinical, microbiological, and epidemiological data is
creating new opportunities for data-driven treatment selection in H. pylori management.
Traditional therapeutic decisions have largely relied on regional resistance patterns and
empirical guideline recommendations. However, advances in AI and machine learning are
enabling more individualized approaches that integrate multiple patient- and pathogen-
related variables into therapeutic decision-making frameworks [142,143].
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Recent developments suggest that AI-assisted clinical decision systems may help
identify the most appropriate eradication regimen for individual patients. Using large
multinational datasets, machine learning models have demonstrated the ability to incorpo-
rate demographic characteristics, treatment history, antibiotic exposure, geographic factors,
and resistance-associated variables to generate personalized therapeutic recommendations.
These findings illustrate the potential of AI-assisted decision support; however, prospec-
tive validation in diverse healthcare settings remains necessary before routine clinical
implementation [144].

Beyond regimen selection, predictive analytics may assist in identifying patients at
increased risk of treatment failure before therapy is initiated. Machine learning algorithms
have shown promising performance in stratifying individuals according to their likelihood
of eradication success, thereby facilitating earlier implementation of alternative therapeutic
strategies and reducing unnecessary antibiotic exposure [145]. Similar approaches have
also been applied to predict infection risk and characterize population-level determinants
of disease, illustrating the broader utility of computational models in supporting precision
management strategies [146,147].

Future decision-support systems are expected to combine resistance surveillance,
molecular diagnostic results, clinical characteristics, and eradication outcomes. Integrating
these data into a single platform could support more individualized treatment decisions.
Such systems could provide continuously updated therapeutic recommendations that adapt
to changing resistance patterns and local epidemiological conditions. Although prospective
validation, regulatory oversight, and integration into routine clinical workflows remain
necessary, these technologies represent an important step toward more precise, evidence-
based, and individualized H. pylori management [143,148]. Successful implementation
will also depend on standardized data collection, interoperability between diagnostic and
clinical information systems, protection of patient privacy, and appropriate regulatory
oversight. Addressing these challenges will be essential to ensure that AI-assisted decision
support is reliable, transparent, and clinically applicable [143,148].

Ultimately, the future of H. pylori management will likely depend on the conver-
gence of rapid molecular diagnostics, real-time resistance surveillance, and AI-assisted
clinical decision support. Figure 5 summarizes a conceptual framework illustrating how
rapid diagnostics, resistance profiling, integrated data systems, and AI-assisted decision
support may converge to enable precision-guided management of H. pylori infection. In-
tegrating these technologies may enable more individualized eradication strategies. This
approach could improve treatment selection, increase eradication success, and support
antimicrobial stewardship.

Overall, future progress in H. pylori management will depend not only on technolog-
ical innovation but also on successful clinical translation. Rapid diagnostics, molecular
resistance profiling, AI-assisted decision support, and real-time surveillance have the po-
tential to transform treatment selection. However, their impact will depend on rigorous
clinical validation, cost-effectiveness, equitable implementation, and integration into rou-
tine healthcare practice. These priorities should guide future research and international
collaborative efforts aimed at advancing precision-guided H. pylori management.
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Figure 5. Conceptual framework illustrating the future evolution of precision-guided H. pylori
management. Rapid molecular diagnostics, AMR profiling, integrated clinical and epidemiologi-
cal data, AI-assisted decision support, individualized treatment selection, and continuous surveil-
lance interact to support adaptive, evidence-informed management strategies while promoting
antimicrobial stewardship.

9. Conclusions
H. pylori infection remains a major global health challenge, and the continued rise

in antimicrobial resistance has reduced the effectiveness of traditional empirical eradica-
tion strategies. The available evidence shows that treatment success depends on multiple
interacting factors, including antimicrobial resistance, host characteristics, treatment ad-
herence, and regional epidemiology. These findings highlight the need to move beyond a
uniform treatment approach toward more individualized management. Precision-guided
management provides a practical framework for achieving this goal. Susceptibility testing
is an important component, but it should be integrated with previous antibiotic exposure,
treatment history, local resistance patterns, patient characteristics, and available healthcare
resources to support individualized treatment decisions. Continued advances in molecular
diagnostics, resistance surveillance, and treatment optimization are expected to further im-
prove eradication success and strengthen antimicrobial stewardship. H. pylori management
is no longer simply a matter of developing new eradication regimens. Greater progress
is likely to come from selecting existing therapies more appropriately for each patient.
Greater progress is likely to come from selecting existing therapies more appropriately
for each patient. This requires combining resistance testing, clinical characteristics, previ-
ous treatment history, and local resistance patterns whenever possible. From a practical
perspective, eradication therapy should be individualized whenever reliable clinical or
resistance information is available. Where susceptibility testing is not feasible, treatment
should follow current regional guideline recommendations and local resistance data. This
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balanced approach allows clinicians to optimize treatment while adapting to the resources
and resistance patterns of their local healthcare setting. In our view, the future of H. pylori
management depends less on developing entirely new treatment regimens than on making
better use of the tools already available. Integrating accurate diagnostics, evidence-based
treatment selection, and responsible antimicrobial stewardship offers the most realistic
strategy for improving eradication success and preserving the effectiveness of existing
antibiotics. Future research should focus on making these precision-guided approaches
more accessible, affordable, and applicable across diverse healthcare settings.
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