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Abstract 

Background/Objectives: The increasing prevalence of antimicrobial resistance has be-
come a major challenge in the management of Helicobacter pylori infection and is a leading 
cause of eradication failure. Resistance to clarithromycin and fluoroquinolones is primar-
ily mediated by mutations in the 23S rRNA and gyrA genes, respectively. This study aimed 
to evaluate the prevalence of resistance-associated mutations in the 23S rRNA and gyrA 
genes, investigate their relationship with phenotypic antimicrobial resistance, assess their 
impact on eradication outcomes, and develop a prediction model for treatment failure. 
Methods: This retrospective real-world cohort study included 294 adult patients with con-
firmed H. pylori infection evaluated at the Oradea County Emergency Clinical Hospital, 
Romania, between November 2022 and November 2025. Clinical, endoscopic, histopatho-
logical, microbiological, molecular, and treatment outcome data were collected from med-
ical records. Resistance-associated mutations in the 23S rRNA (A2143G, A2142G, and 
A2142C) and gyrA (N87K, D91G, and D91N) genes were analyzed and correlated with 
phenotypic antimicrobial resistance and eradication outcomes. Independent predictors of 
eradication failure were identified using multivariable logistic regression, and a predic-
tion model was subsequently developed. Results: Overall, 101 patients (34.4%) harbored 
23S rRNA mutations and 64 (21.8%) carried gyrA mutations, while 27 patients (9.2%) ex-
hibited mutations in both genes. A2143G was the most frequent mutation (25.2%). Re-
sistance-associated mutations showed strong concordance with phenotypic antimicrobial 
resistance. Patients with wild-type strains achieved eradication rates exceeding 90%, 
whereas significantly lower success rates were observed among patients carrying 
A2143G, A2142G, or gyrA mutations. Multivariable analysis identified previous eradica-
tion attempts (aOR 3.12, 95% CI 1.71–5.68), A2143G mutation (aOR 4.86, 95% CI 2.43–9.72), 
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gyrA mutation (aOR 2.91, 95% CI 1.45–5.84), increasing age (aOR 1.03, 95% CI 1.01–1.05), 
and treatment with clarithromycin-based triple therapy (aOR 2.18, 95% CI 1.02–4.63) as 
independent predictors of eradication failure. The prediction model demonstrated excel-
lent discriminatory performance (AUC 0.88, 95% CI 0.84–0.92), with a sensitivity of 82.5%, 
specificity of 80.1%, and satisfactory calibration (Hosmer–Lemeshow p = 0.68). Conclu-
sions: Resistance-associated mutations in the 23S rRNA and gyrA genes are strongly asso-
ciated with phenotypic antimicrobial resistance and reduced H. pylori eradication success. 
Molecular resistance testing may facilitate individualized treatment selection and im-
prove clinical outcomes. The proposed prediction model, integrating clinical characteris-
tics, treatment regimen, and molecular resistance markers, demonstrated excellent perfor-
mance and may represent a useful tool for identifying patients at increased risk of eradi-
cation failure. 

Keywords: antimicrobial resistance; clarithromycin resistance; eradication failure;  
fluoroquinolone resistance; Helicobacter pylori; molecular diagnostics; personalized  
medicine; prediction model; resistance-associated mutations; susceptibility-guided  
therapy 
 

1. Introduction 
Helicobacter pylori is one of the most prevalent chronic bacterial infections worldwide, 

affecting approximately half of the global population. The infection is recognized as the 
primary etiological factor for chronic gastritis, peptic ulcer disease, gastric mucosa-asso-
ciated lymphoid tissue lymphoma, and gastric adenocarcinoma. Consequently, the World 
Health Organization has classified H. pylori as a class I carcinogen, highlighting its major 
public health significance [1–4]. 

Successful eradication of H. pylori reduces the risk of peptic ulcer recurrence and gas-
tric cancer development. However, the effectiveness of standard eradication therapies has 
progressively declined over recent decades, primarily due to the increasing prevalence of 
antimicrobial resistance [5–8]. Resistance to clarithromycin and fluoroquinolones has 
emerged as a major challenge worldwide and is currently considered one of the principal 
causes of treatment failure [9,10]. As a result, international guidelines increasingly recom-
mend susceptibility-guided treatment strategies whenever feasible [11–13]. 

At the molecular level, resistance to clarithromycin is predominantly associated with 
point mutations within domain V of the 23S rRNA gene, particularly the A2143G, A2142G, 
and A2142C substitutions, which impair antibiotic binding to the bacterial ribosome 
[14,15]. Similarly, resistance to fluoroquinolones is mainly mediated by mutations within 
the quinolone resistance-determining region of the gyrA gene, most commonly involving 
amino acid substitutions at positions N87 and D91 [6,10]. Numerous studies have demon-
strated a strong correlation between these genetic alterations and phenotypic antimicro-
bial resistance, supporting their utility as molecular markers for predicting treatment re-
sponse [5,16]. 

Despite the growing implementation of molecular resistance testing, important gaps 
in knowledge remain. Most available studies have focused either on the prevalence of 
resistance-associated mutations or on their association with antimicrobial susceptibility 
profiles. Comparatively few investigations have simultaneously evaluated molecular re-
sistance markers, phenotypic resistance patterns, and eradication outcomes within the 
same real-world patient cohort. Furthermore, limited data are available regarding the 
combined predictive value of 23S rRNA and gyrA mutations for identifying patients at 
increased risk of eradication failure and supporting individualized treatment selection. 
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Given the increasing burden of antimicrobial resistance and the need for precision-
based management strategies, the identification of clinically relevant molecular predictors 
of treatment failure represents an important research priority. We hypothesized that re-
sistance-associated mutations in the 23S rRNA and gyrA genes are significantly associated 
with both phenotypic antimicrobial resistance and eradication failure and that these mo-
lecular markers can contribute to the development of a clinically useful prediction model. 

Therefore, the aim of the present study was to evaluate the prevalence of resistance-
associated mutations in the 23S rRNA and gyrA genes, investigate their relationship with 
phenotypic antimicrobial resistance, assess their impact on H. pylori eradication outcomes, 
and develop a prediction model for identifying patients at increased risk of treatment fail-
ure in a real-world cohort from northwestern Romania. 

2. Results 
2.1. Clinical Characteristics 

The baseline characteristics of the study population are summarized in Table 1. The 
cohort included 294 patients with confirmed H. pylori infection, with a mean age of 53.6 ± 
14.2 years, and females accounted for 58.8% of the study population. Most patients resided 
in urban areas (71.8%). Previous eradication attempts were documented in approximately 
one-quarter of patients, while nearly one-third were active smokers. Dyspepsia was the 
most common presenting symptom. Hypertension, dyslipidemia, and diabetes mellitus 
represented the most frequent comorbid conditions. Additional demographic and clinical 
characteristics are presented in Table 1. 

Table 1. Baseline Characteristics of the Study Population. 

Variable Total (n = 294) 
Demographic characteristics 

Age (years), mean ± SD 53.6 ± 14.2 
Female sex, n (%) 173 (58.8) 

Urban residence, n (%) 211 (71.8) 
BMI (kg/m2), mean ± SD 27.1 ± 4.8 

Lifestyle factors 
Current smoker, n (%) 84 (28.6) 

Alcohol consumption, n (%) 71 (24.1) 
Previous medical history  

Previous eradication attempts, n (%) 81 (27.6) 
Previous macrolide exposure, n (%) 69 (23.5) 

Previous fluoroquinolone exposure, n (%) 52 (17.7) 
PPI use before diagnosis, n (%) 202 (68.7) 

Presenting symptoms 
Dyspepsia, n (%) 238 (81.0) 

Epigastric pain, n (%) 188 (63.9) 
Bloating, n (%) 125 (42.5) 
Nausea, n (%) 67 (22.8) 

Comorbidities 
Hypertension, n (%) 82 (27.9) 
Dyslipidemia, n (%) 56 (19.0) 

Diabetes mellitus, n (%) 34 (11.6) 
Chronic liver disease, n (%) 18 (6.1) 

Family history of gastric cancer, n (%) 21 (7.1) 
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2.2. Endoscopic and Histopathological Characteristics 

The endoscopic and histopathological characteristics of the study population are pre-
sented in Table 2. Antral gastritis was the most common endoscopic finding, being ob-
served in nearly half of the patients, followed by pangastritis and erosive gastritis. Peptic 
ulcer disease was less frequently encountered, with gastric ulcers occurring more often 
than duodenal ulcers. 

Histopathological evaluation revealed predominantly inflammatory gastric lesions. 
Intestinal metaplasia was identified in 11.2% of patients, while gastric atrophy was ob-
served in 7.1%. Moderate gastritis represented the most frequent histological pattern. 
Overall, the findings indicate that inflammatory gastric pathology predominated in the 
studied cohort. 

Table 2. Endoscopic and Histopathological Findings. 

Finding n (%) 
Endoscopic findings 

Antral gastritis 128 (43.5) 
Pangastritis 62 (21.1) 

Erosive gastritis 39 (13.3) 
Gastric ulcer 28 (9.5) 

Duodenal ulcer 17 (5.8) 
Histopathological findings 

Mild gastritis 84 (28.6) 
Moderate gastritis 141 (48.0) 

Severe gastritis 36 (12.2) 
Intestinal metaplasia 33 (11.2) 

Gastric atrophy 21 (7.1) 

2.3. Distribution of Resistance-Associated Mutations 

The distribution of resistance-associated mutations is presented in Table 3. Overall, 
101 patients (34.4%) harbored at least one mutation in the 23S rRNA gene, while 64 pa-
tients (21.8%) carried gyrA mutations. Concomitant 23S rRNA and gyrA mutations were 
identified in 27 patients (9.2%). A wild-type genotype, defined as the absence of the inves-
tigated mutations, was observed in 129 patients (43.9%). 

Among the 23S rRNA mutations, A2143G was the most frequently detected variant, 
accounting for 25.2% of the study population. In contrast, N87K represented the predom-
inant gyrA mutation, followed by D91G and D91N. Overall, mutations associated with 
clarithromycin resistance were more prevalent than those associated with fluoroquino-
lone resistance. 

Table 3. Distribution of 23S rRNA and gyrA Mutations. 

Variable n (%) 
23S rRNA mutations 

A2143G 74 (25.2) 
A2142G 19 (6.5) 
A2142C 8 (2.7) 

Any 23S rRNA mutation 101 (34.4) 
gyrA mutations 

N87K 29 (9.9) 
D91G 23 (7.8) 
D91N 12 (4.1) 
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Any gyrA mutation 64 (21.8) 
Both 23S rRNA and gyrA mutations 27 (9.2) 

Wild-type genotype 129 (43.9) 

2.4. Association Between Resistance-Associated Mutations and Phenotypic Resistance 

The association between resistance-associated mutations and phenotypic antimicro-
bial resistance is presented in Figure 1. Mutations within the 23S rRNA gene demonstrated 
a strong concordance with clarithromycin resistance, whereas gyrA mutations were highly 
associated with levofloxacin resistance. 

Among the investigated variants, A2143G represented the mutation most strongly 
associated with clarithromycin resistance, while D91G exhibited the highest concordance 
with levofloxacin resistance. Cross-resistance between mutation groups and unrelated an-
tibiotic classes was uncommon. 

Overall, the observed molecular profiles showed a high degree of agreement with 
phenotypic susceptibility testing, supporting the utility of 23S rRNA and gyrA mutations 
as reliable molecular markers of clarithromycin and fluoroquinolone resistance, respec-
tively. 

 

Figure 1. Heatmap of the Association Between Resistance-Associated Mutations and Phenotypic 
Resistance. Percentages represent the proportion of isolates with phenotypic clarithromycin or 
levofloxacin resistance among isolates harboring each resistance-associated mutation. Percentages 
were calculated using the number of isolates carrying the respective mutation as the denominator 
(A2143G, n = 74; A2142G, n = 19; A2142C, n = 8; N87K, n = 29; D91G, n = 23; D91N, n = 12). Some 
isolates harbored resistance-associated mutations in both the 23S rRNA and gyrA genes; therefore, 
the mutation categories are not mutually exclusive, and the percentages should not be summed 
across rows. 

2.5. Treatment Outcomes According to Molecular Profile 

Treatment outcomes according to mutation status are summarized in Table 4. Pa-
tients harboring a wild-type genotype achieved the highest eradication rates, with suc-
cessful treatment observed in more than 90% of cases. 

In contrast, the presence of resistance-associated mutations was significantly associ-
ated with lower eradication success. Patients carrying the A2143G mutation exhibited the 
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lowest eradication rate and the highest frequency of treatment failure. Similarly, A2142G 
mutations and mutations within the gyrA gene were associated with significantly reduced 
eradication success compared with wild-type strains. 

Overall, the presence of either 23S rRNA or gyrA mutations was associated with a 
substantially increased likelihood of eradication failure, highlighting the clinical relevance 
of molecular resistance testing prior to treatment selection. 

Table 4. Eradication Outcomes According to Mutation Status. 

Mutation Status Success n (%) Failure n (%) p-Value 
Wild type (n = 129) 117 (90.7) 12 (9.3) Reference 

Any 23S rRNA mutation (n = 101) 60 (59.4) 41 (40.6) <0.001 
A2143G (n = 74) 43 (58.1) 31 (41.9) <0.001 
A2142G (n = 19) 12 (63.2) 7 (36.8) 0.002 
A2142C (n = 8) 5 (62.5) 3 (37.5) 0.041 
N87K (n = 29) 18 (62.1) 11 (37.9) 0.003 
D91G (n = 23) 13 (56.5) 10 (43.5) 0.001 
D91N (n = 12) 8 (66.7) 4 (33.3) 0.027 

Any gyrA mutation (n = 64) 39 (61.4) 25 (38.6) <0.001 
Both 23S rRNA and gyrA mutations (n = 27) 12 (44.4) 15 (55.6) <0.001 

Note: p-values were calculated using Pearson�s χ2 test or Fisher�s exact test, as appropriate. Each 
mutation category was compared with the wild-type group. No adjustment for multiple compari-
sons was applied because these analyses were exploratory. 

2.6. Treatment Regimens 

The distribution of eradication regimens is presented in Table 5. Clarithromycin-
based triple therapy was the most frequently prescribed regimen (162/294, 55.1%), fol-
lowed by bismuth quadruple therapy (78/294, 26.5%), levofloxacin-based therapy (41/294, 
13.9%), and other regimens (13/294, 4.4%). Patients treated with clarithromycin-based tri-
ple therapy experienced a significantly higher rate of eradication failure than those treated 
with bismuth quadruple therapy (34.6% vs. 9.0%, p < 0.001), whereas no statistically sig-
nificant differences were observed for the remaining treatment regimens. Treatment reg-
imen was therefore included as a clinically relevant covariate in the multivariable logistic 
regression analysis. 

Table 5. Distribution of Eradication Treatment Regimens According to H. pylori Eradication Out-
come. 

Treatment Regimen Success (n = 214) Failure (n = 80) p-Value 
Clarithromycin triple therapy (n = 162) 106 (65.4%) 56 (34.6%) <0.001 

Bismuth quadruple therapy (n = 78) 71 (91.0%) 7 (9.0%) Reference 
Levofloxacin-based therapy (n = 41) 28 (68.3%) 13 (31.7%) 0.018 

Other regimens (n = 13) 9 (69.2%) 4 (30.8%) 0.221 
Note: Bismuth quadruple therapy was used as the reference category for comparisons of eradication 
outcomes. 

2.7. Comparison Between Successful and Failed Eradication 

The clinical, microbiological, and molecular characteristics of patients according to 
treatment outcome are presented in Table 6. Patients who experienced eradication failure 
were significantly older than those who achieved successful eradication. Furthermore, 
previous eradication attempts were substantially more frequent among patients with 
treatment failure. 
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Phenotypic clarithromycin resistance was markedly more prevalent in the failure 
group. Similarly, resistance-associated molecular markers, including gyrA mutations and 
the A2143G mutation, were observed significantly more often among patients who failed 
eradication therapy. 

No significant differences were identified regarding sex distribution, smoking status, 
body mass index (BMI), or urban versus rural residence (all p > 0.05). Collectively, these 
findings suggest that both antimicrobial resistance and specific molecular alterations may 
contribute to treatment failure and should be further evaluated in multivariable analysis. 

Table 6. Characteristics of Patients According to Treatment Outcome. 

Variable Success (n = 214) Failure (n = 80) p-Value 
Age (years), mean ± SD 51.9 ± 13.4 58.2 ± 14.1 0.004 

Female sex, n (%) 126 (58.9) 47 (58.8) 0.987 
Urban residence, n (%) 150 (70.1) 61 (76.3) 0.287 

BMI (kg/m2), mean ± SD 26.9 ± 4.7 27.8 ± 5.0 0.148 
Current smoker, n (%) 58 (27.1) 26 (32.5) 0.372 

Previous eradication attempts, n (%) 39 (18.2) 41 (51.3) <0.001 
Previous macrolide exposure, n (%) 38 (17.8) 31 (38.8) <0.001 

Previous fluoroquinolone exposure, n (%) 24 (11.2) 28 (35.0) <0.001 
Clarithromycin resistance, n (%) 49 (22.9) 49 (61.3) <0.001 

Levofloxacin resistance, n (%) 36 (16.8) 33 (41.3) <0.001 
Any gyrA mutation, n (%) 34 (15.9) 30 (37.5) <0.001 
A2143G mutation, n (%) 41 (19.2) 42 (52.5) <0.001 

Both 23S rRNA and gyrA mutations, n (%) 11 (5.1) 16 (20.0) <0.001 
Note: p-values were calculated using the independent-samples Student�s t-test for continuous vari-
ables and Pearson�s χ2 test or Fisher�s exact test, as appropriate, for categorical variables. No adjust-
ment for multiple comparisons was applied because these analyses were exploratory. 

2.8. Independent Predictors of Eradication Failure 

Variables demonstrating statistical significance in the univariate analysis, together 
with clinically relevant covariates (including eradication treatment regimen), were con-
sidered for inclusion in the multivariable logistic regression model. To minimize multi-
collinearity, overlapping variables representing similar biological information were not 
entered simultaneously into the final model. Because several variables represented over-
lapping measures of antimicrobial resistance (e.g., phenotypic resistance and the corre-
sponding resistance-associated mutations), only clinically relevant, non-collinear varia-
bles were retained in the final model to minimize multicollinearity and reduce the risk of 
overfitting. Patients harboring concurrent 23S rRNA and gyrA mutations remained in the 
analysis and contributed to both binary predictor variables. Therefore, the associations of 
these mutation groups with eradication failure were evaluated after adjustment for the 
other variables included in the multivariable model. Because only 27 patients harbored 
dual mutations, interaction terms between the two mutation groups were not included in 
the final model to avoid model instability. The results of the final multivariable model are 
presented in Table 7, while the adjusted odds ratios (aORs) are illustrated in Figure 2. 

The presence of the A2143G mutation emerged as the strongest independent predic-
tor of treatment failure, increasing the likelihood of eradication failure nearly fivefold. 
Previous eradication attempts were also independently associated with an increased risk 
of treatment failure. Similarly, gyrA mutations remained significantly associated with 
eradication failure after adjustment for potential confounders. 

Increasing age was identified as an additional independent predictor, although its 
effect size was modest compared with molecular and treatment-related variables. 
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Together, these findings suggest that both resistance-associated mutations and previous 
treatment exposure play a central role in determining eradication outcomes. 

Table 7. Multivariable Logistic Regression Analysis of Factors Associated with Eradication Failure. 

Variable Crude OR (95% CI) p-Value Adjusted OR (95% CI) p-Value 
Age (per year increase) 1.04 (1.02–1.06) 0.002 1.03 (1.01–1.05) 0.015 

Previous eradication attempts 4.73 (2.71–8.26) <0.001 3.12 (1.71–5.68) <0.001 
A2143G mutation 4.91 (2.82–8.54) <0.001 4.86 (2.43–9.72) <0.001 

Any gyrA mutation 3.17 (1.82–5.51) <0.001 2.91 (1.45–5.84) 0.003 
Clarithromycin-based triple therapy 3.68 (1.82–7.42) <0.001 2.18 (1.02–4.63) 0.043 

Bismuth quadruple therapy Reference — Reference — 

 

Figure 2. Forest Plot of Independent Predictors of Eradication Failure. 

2.9. Development and Performance of the Prediction Model 

A prediction model for H. pylori eradication failure was developed using the inde-
pendent predictors identified in the multivariable analysis, including age, previous erad-
ication attempts, A2143G mutation status, gyrA mutation status, and eradication treat-
ment regimen. 

The model demonstrated good discriminatory performance, with an area under the 
receiver operating characteristic (ROC) curve of 0.88 (95% CI: 0.84–0.92) (Figure 3). The 
optimal cutoff value yielded a sensitivity of 82.5% and a specificity of 80.1% for predicting 
treatment failure. 

Model calibration was assessed using the Hosmer–Lemeshow goodness-of-fit test. 
The model demonstrated satisfactory calibration, with a Hosmer–Lemeshow χ2 value of 
5.78 and a non-significant p-value (p = 0.68), indicating good agreement between predicted 
and observed probabilities of eradication failure. Internal validation using bootstrap 
resampling (1000 iterations) demonstrated good model stability. The apparent AUC of 
0.88 decreased only slightly after optimism correction, yielding a bootstrap-corrected 
AUC of 0.85. The calibration slope was 0.93, indicating limited overfitting and good agree-
ment between predicted and observed probabilities of eradication failure (Figure 4). 

To facilitate clinical implementation, a simplified clinical risk score was constructed 
by assigning points proportional to the regression coefficients of the independent predic-
tors identified in the final multivariable model (Table 8). Patients were subsequently 
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stratified into low-, intermediate-, and high-risk categories according to their predicted 
probability of eradication failure. 

The probability of eradication failure increased progressively across risk categories, 
ranging from 7.2% in the low-risk group to 68.1% in the high-risk group (Table 9). These 
findings demonstrate good discriminatory performance and calibration and support the 
potential clinical utility of the proposed prediction model for individualized treatment 
selection. 

 

Figure 3. ROC Curve of the Prediction Model. 

 

Figure 4. Calibration plot of the internally validated prediction model for H. pylori eradication fail-
ure. 

Table 8. Clinical Risk Score for Prediction of Eradication Failure. 

Predictor Points 
Age > 60 years 1 

Previous eradication attempt 2 
gyrA mutation 2 
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A2143G mutation 3 
Clarithromycin-based triple therapy 1 

Table 9. Risk Stratification According to the Clinical Prediction Score. 

Total Score Risk Category Failure Rate 
0–2 Low risk 7.2% 
3–5 Intermediate risk 26.4% 
≥6 High risk 68.1% 

3. Discussion 
The present study investigated the prevalence and clinical significance of resistance-

associated mutations in the 23S rRNA and gyrA genes among patients with H. pylori in-
fection and evaluated their relationship with phenotypic antimicrobial resistance, eradi-
cation outcomes, and treatment failure prediction. Several important findings emerged. 
First, mutations within the 23S rRNA and gyrA genes were frequently detected in the 
study population, with A2143G representing the most prevalent clarithromycin re-
sistance-associated mutation and N87K and D91 substitutions representing the most com-
mon fluoroquinolone resistance-associated alterations. Second, these mutations demon-
strated strong concordance with phenotypic clarithromycin and levofloxacin resistance. 
Third, patients harboring resistance-associated mutations experienced significantly lower 
eradication rates than patients infected with wild-type strains. Finally, previous eradica-
tion attempts, increasing age, A2143G mutation status, gyrA mutations, and treatment 
with clarithromycin-based triple therapy emerged as independent predictors of eradica-
tion failure and were incorporated into a prediction model with excellent discriminatory 
performance. 

Notably, patients harboring both 23S rRNA and gyrA mutations exhibited the poorest 
treatment outcomes, whereas eradication rates exceeded 90% among patients infected 
with wild-type strains. Collectively, these findings support the study hypothesis and 
highlight the potential value of molecular resistance testing for identifying patients at in-
creased risk of treatment failure, guiding individualized treatment selection, and improv-
ing eradication success. 

3.1. Molecular Resistance Patterns 

Mutations within the 23S rRNA gene were identified in approximately one-third of 
patients, whereas gyrA mutations were detected in approximately one-fifth of the study 
population. These findings are broadly consistent with previous European and interna-
tional studies reporting increasing rates of molecular resistance to both clarithromycin 
and fluoroquinolones [17–20]. 

The predominance of the A2143G mutation observed in the present study is con-
sistent with numerous investigations identifying this substitution as the principal molec-
ular mechanism of clarithromycin resistance in H. pylori [21–24]. Mutations affecting po-
sitions 2142 and 2143 within domain V of the 23S rRNA gene alter the antibiotic-binding 
site of the bacterial ribosome, reducing macrolide susceptibility and contributing to treat-
ment failure [15,25,26]. The frequency of A2143G observed in our cohort is comparable to 
rates reported in other European populations and further supports its role as a dominant 
resistance determinant [27–29]. 

Similarly, the observed prevalence of N87K, D91G, and D91N mutations within the 
gyrA gene corresponds to previous reports identifying these substitutions as the primary 
molecular drivers of fluoroquinolone resistance [30–32]. These mutations affect the quin-
olone resistance-determining region of deoxyribonucleic acid gyrase and reduce antibiotic 
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binding efficiency, ultimately compromising the effectiveness of levofloxacin-containing 
regimens [33–35]. 

The coexistence of mutations within both genes observed in a subset of patients is 
particularly noteworthy. Previous studies have suggested that simultaneous resistance to 
clarithromycin and fluoroquinolones may represent an emerging challenge, especially in 
regions with widespread antibiotic exposure [36–38]. The prevalence of dual resistance 
observed in the present study emphasizes the importance of continuous resistance sur-
veillance and individualized treatment selection. 

3.2. Relationship Between Resistance-Associated Mutations and Phenotypic Resistance 

One of the most important findings of the present study was the strong association 
between resistance-associated mutations and phenotypic antimicrobial resistance. Pa-
tients harboring A2143G mutations demonstrated very high rates of clarithromycin re-
sistance, while N87K and D91G mutations showed similarly strong associations with 
levofloxacin resistance. 

These findings are biologically plausible and consistent with current understanding 
of resistance mechanisms in H. pylori [39–41]. Previous investigations have demonstrated 
that molecular resistance markers exhibit high diagnostic accuracy for predicting pheno-
typic resistance and may serve as reliable alternatives to conventional culture-based sus-
ceptibility testing [35,42]. 

The strong concordance observed in our cohort supports the increasing use of mo-
lecular diagnostics in routine clinical practice. Compared with traditional culture meth-
ods, molecular testing offers several practical advantages, including faster turnaround 
times, reduced technical complexity, and the ability to detect resistance-associated muta-
tions directly from clinical specimens [35,43–45]. 

3.3. Impact of Resistance-Associated Mutations on Eradication Outcomes 

A particularly relevant finding of the present study was the substantial reduction in 
eradication success among patients harboring resistance-associated mutations. Wild-type 
strains achieved eradication rates exceeding 90%, whereas significantly lower success 
rates were observed among patients carrying A2143G, A2142G, or gyrA mutations. 

These findings are consistent with previous studies demonstrating that antimicrobial 
resistance remains one of the strongest determinants of treatment failure [22,46–48]. Clar-
ithromycin resistance has been repeatedly associated with markedly reduced eradication 
rates when clarithromycin-containing regimens are used, while fluoroquinolone re-
sistance similarly compromises the effectiveness of levofloxacin-based therapies [5,9,49]. 

The poorest outcomes were observed among patients harboring mutations in both 
the 23S rRNA and gyrA genes. This observation is particularly important because it sug-
gests the presence of multidrug-resistant strains that may not respond adequately to 
standard first- or second-line treatment regimens. Similar findings have been reported in 
recent studies evaluating dual-resistant H. pylori isolates [28,50,51]. 

3.4. Clinical Significance of Molecular Resistance Markers and Other Predictors of Eradication 
Failure 

Multivariable analysis identified previous eradication attempts, increasing age, 
A2143G mutation, gyrA mutation, and treatment with clarithromycin-based triple ther-
apy as independent predictors of eradication failure. Importantly, treatment regimen was 
included in the multivariable model because it is a recognized determinant of H. pylori 
eradication success. After adjustment for treatment regimen, the associations between the 
A2143G mutation, gyrA mutations, and eradication failure remained statistically 
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significant, suggesting that these molecular markers contributed to treatment failure in-
dependently of differences in the administered eradication therapies. 

The association between previous eradication attempts and treatment failure is con-
sistent with previous literature suggesting that repeated antibiotic exposure promotes the 
selection of resistant strains [52–56]. Patients who have undergone multiple eradication 
attempts are therefore more likely to harbor resistant organisms and experience subse-
quent treatment failure. 

Among all evaluated predictors, A2143G mutation status demonstrated the strongest 
independent association with eradication failure. This finding further emphasizes the cen-
tral role of clarithromycin resistance in determining treatment outcomes and supports 
current guideline recommendations discouraging empirical clarithromycin-based ther-
apy in regions with elevated resistance rates [14,16,46,57,58]. 

The independent contribution of gyrA mutations is also clinically relevant. As fluo-
roquinolone-containing regimens are frequently used after first-line treatment failure, the 
increasing prevalence of gyrA-associated resistance may compromise the effectiveness of 
rescue therapies and contribute to repeated eradication failures [10,30,49,59]. 

3.5. Prediction Model Performance 

An important strength of the present study was the development and internal vali-
dation of a prediction model integrating clinical variables, molecular resistance markers, 
and treatment regimen. The model demonstrated excellent discriminatory performance, 
with the area under the curve (AUC) of 0.88, indicating a high ability to distinguish be-
tween successful eradication and treatment failure. 

Few previous studies have attempted to integrate molecular resistance markers into 
clinically applicable prediction tools [60–63]. The strong performance of our model sug-
gests that combining readily available clinical information with molecular resistance test-
ing may facilitate individualized risk stratification and treatment planning. 

Importantly, the model also demonstrated satisfactory calibration, indicating good 
agreement between predicted and observed outcomes. These findings support the poten-
tial utility of the model as a decision-support tool in routine clinical practice, although 
external validation remains necessary. 

Importantly, internal validation using bootstrap resampling demonstrated only min-
imal optimism and confirmed the robustness of the proposed model. Although some re-
duction in performance was observed after correction for overfitting, the model main-
tained good discriminatory ability. These findings suggest that the identified predictors 
provide stable prognostic information and support the potential applicability of the model 
in clinical practice. 

3.6. Clinical Implications 

The findings of the present study have several important implications for the clinical 
management of H. pylori infection. The strong association observed between resistance-
associated mutations and both phenotypic antimicrobial resistance and eradication out-
comes suggests that molecular testing may represent a valuable tool for treatment indi-
vidualization in routine clinical practice. 

In particular, the identification of 23S rRNA and gyrA mutations before treatment 
initiation may facilitate the selection of antibiotic regimens with a higher probability of 
success. Patients harboring mutations associated with clarithromycin or fluoroquinolone 
resistance could potentially avoid ineffective therapies and unnecessary exposure to anti-
biotics that are unlikely to achieve eradication. Such an approach may reduce repeated 
treatment failures, limit cumulative antibiotic exposure, and contribute to antimicrobial 
stewardship efforts. 
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The results of the present study also highlight the potential clinical value of suscep-
tibility-guided therapy. Although empirical treatment remains common in many 
healthcare settings, the substantial differences in eradication rates observed between wild-
type and mutation-positive strains suggest that molecular resistance testing may improve 
treatment selection, particularly in regions with increasing resistance rates. Patients in-
fected with wild-type strains achieved excellent eradication rates, whereas the presence 
of resistance-associated mutations was associated with significantly poorer outcomes. 
This finding supports a more personalized therapeutic approach based on resistance pro-
files rather than a uniform treatment strategy applied to all patients. 

Another clinically relevant observation was the particularly high rate of treatment 
failure among patients harboring both 23S rRNA and gyrA mutations. These individuals 
may represent a subgroup at increased risk of multidrug resistance and repeated eradica-
tion failure. Early identification of such patients could allow clinicians to consider alter-
native eradication regimens, susceptibility-guided treatment strategies, or closer post-
treatment monitoring. 

The prediction model developed in the present study may further support clinical 
decision-making. By integrating both molecular and clinical variables, the model demon-
strated excellent ability to identify patients at increased risk of eradication failure. Risk 
stratification may help clinicians prioritize molecular testing, select more appropriate 
treatment regimens, and optimize follow-up strategies. Patients classified as high risk may 
benefit from individualized treatment approaches and more intensive post-treatment 
evaluation, whereas low-risk patients may be managed using standard therapeutic pro-
tocols. 

To facilitate clinical implementation, the proposed risk score may be applied at the 
time of diagnosis by assigning points to each independent predictor identified in the final 
multivariable model. Patients accumulating higher scores are classified as having an in-
creased probability of eradication failure and may therefore benefit from susceptibility-
guided therapy, selection of bismuth-based or alternative eradication regimens, closer 
post-treatment follow-up, and confirmation of eradication. Conversely, patients classified 
as low risk may be appropriate candidates for standard first-line treatment according to 
current clinical guidelines. Although the proposed score requires external validation be-
fore routine clinical implementation, it provides a simple framework for individualized 
risk stratification and therapeutic decision-making. 

Although the present study was conducted in a single tertiary referral center in Ro-
mania, the observed resistance patterns are broadly consistent with the increasing preva-
lence of clarithromycin and fluoroquinolone resistance reported across many European 
countries. Nevertheless, the prevalence of specific resistance-associated mutations and lo-
cal treatment practices may vary between geographic regions. Consequently, the predic-
tive performance of the proposed model may differ in populations with substantially dif-
ferent antimicrobial resistance profiles or first-line eradication strategies. External valida-
tion in multicenter cohorts from other European regions and healthcare settings is there-
fore warranted before widespread clinical implementation. Despite these considerations, 
the incorporation of well-established clinical and molecular predictors suggests that the 
proposed model may provide a useful framework for individualized risk stratification in 
settings with comparable resistance epidemiology. 

Beyond antimicrobial resistance, increasing evidence indicates that the gut microbi-
ota may also influence the effectiveness and tolerability of H. pylori eradication therapy. 
The composition of the gastrointestinal microbiota may affect host immune responses, 
antibiotic metabolism, treatment-related adverse events, and the likelihood of successful 
eradication. Furthermore, alterations in the gut microbiome induced by eradication ther-
apy have prompted growing interest in microbiota-targeted interventions, including 
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probiotic supplementation and personalized therapeutic approaches. Although the pre-
sent study focused on resistance-associated molecular markers, future prediction models 
may benefit from integrating microbiome-related factors to further improve individual-
ized treatment strategies. These observations are consistent with recent evidence high-
lighting the role of the gut microbiota in optimizing therapeutic regimens across gastro-
intestinal diseases and other clinical conditions [64,65]. 

Collectively, these findings support the integration of molecular resistance testing 
into routine H. pylori management and highlight its potential role in advancing precision 
medicine approaches within gastroenterology, particularly in regions with increasing an-
timicrobial resistance rates. 

3.7. Limitations of the Study 

Several limitations should nevertheless be acknowledged. First, the retrospective ob-
servational design limits the ability to establish causal relationships between resistance-
associated mutations and treatment outcomes. Although strong associations were identi-
fied, residual confounding cannot be completely excluded, and prospective studies are 
required to confirm these findings. 

Second, this was a single-center study conducted at a tertiary referral hospital in 
northwestern Romania. Consequently, local resistance patterns, patient characteristics, 
and treatment practices may differ from those observed in other geographic regions. 
Therefore, caution should be exercised when extrapolating the findings to broader popu-
lations. 

Third, molecular resistance testing was performed as part of routine clinical care in 
accredited external laboratories. Although all reported results were obtained from certi-
fied diagnostic facilities and standardized molecular methods were used, detailed infor-
mation regarding assay performance characteristics, validation procedures, and labora-
tory-specific quality-control protocols was not consistently available for all patients. Con-
sequently, methodological heterogeneity between laboratories cannot be completely ex-
cluded. 

Fourth, the molecular analyses focused on the most frequently reported resistance-
associated mutations within the 23S rRNA and gyrA genes. Other genetic determinants of 
antimicrobial resistance, including fewer common mutations and resistance mechanisms 
involving additional genes, were not evaluated. Consequently, the overall burden of mo-
lecular resistance may have been underestimated. 

Fifth, although information regarding the administered eradication treatment regi-
mens was available and included in the multivariable analysis, treatment allocation was 
not randomized because of the retrospective study design. Consequently, residual con-
founding by indication cannot be completely excluded, and differences in treatment se-
lection, patient adherence, treatment duration, or antibiotic exposure outside the docu-
mented medical history may have partially influenced the observed odds ratios and erad-
ication outcomes. 

Finally, although internal validation using bootstrap resampling demonstrated good 
model stability, external validation in independent patient cohorts was not performed. 
Consequently, the generalizability of the proposed prediction model remains uncertain 
and should be evaluated in future multicenter studies before routine clinical implementa-
tion can be recommended. 

3.8. Future Directions 

The findings of the present study provide several important directions for future re-
search. First, prospective multicenter studies involving larger and more geographically 
diverse populations are needed to validate the associations observed between resistance-
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associated mutations, phenotypic antimicrobial resistance, and eradication outcomes. 
Such studies would help determine the generalizability of the present findings and pro-
vide a more comprehensive understanding of regional variations in molecular resistance 
patterns. 

A major priority should be the external validation of the proposed prediction model. 
Although the model demonstrated excellent discriminatory performance within the pre-
sent cohort, its reproducibility and clinical utility should be evaluated in independent pa-
tient populations before routine implementation can be recommended. Future studies 
should also investigate whether the incorporation of additional clinical, microbiological, 
and molecular variables could further improve predictive accuracy. 

Further research should explore the integration of advanced molecular diagnostic 
techniques into routine clinical practice. The increasing availability of next-generation se-
quencing and multiplex molecular resistance panels may allow the simultaneous detec-
tion of multiple resistance determinants and provide a more comprehensive characteriza-
tion of antimicrobial resistance profiles. Such approaches could facilitate more precise 
treatment selection and contribute to the development of personalized eradication strate-
gies. 

Another important area of investigation involves the evaluation of multidrug-re-
sistant H. pylori strains. In the present study, patients harboring both 23S rRNA and gyrA 
mutations experienced the poorest treatment outcomes. Future studies should further ex-
amine the epidemiology, clinical significance, and optimal management of dual-resistant 
and multidrug-resistant infections, which are likely to become increasingly relevant in the 
coming years. 

The impact of molecular resistance testing on clinical decision-making and patient 
outcomes also warrants further investigation. Future prospective studies should assess 
whether routine implementation of molecular testing translates into improved eradication 
rates, fewer treatment failures, reduced antibiotic exposure, and lower healthcare costs 
when compared with empirical treatment strategies. 

In addition, cost-effectiveness analyses are needed to determine the economic feasi-
bility of routine molecular resistance testing in different healthcare settings. Understand-
ing the balance between diagnostic costs and potential improvements in treatment success 
will be essential for supporting broader implementation of precision medicine approaches 
in gastroenterology. 

Finally, future investigations should explore the development of integrated clinical 
decision-support systems combining molecular resistance markers, antimicrobial suscep-
tibility profiles, patient characteristics, and predictive algorithms. Such tools may facilitate 
individualized treatment selection and contribute to optimizing the management of H. 
pylori infection in everyday clinical practice. 

4. Materials and Methods 
4.1. Study Design and Patient Selection 

This retrospective real-world cohort study included consecutive adult patients diag-
nosed with H. pylori infection and evaluated at the Internal Medicine Department of the 
Oradea County Emergency Clinical Hospital, Oradea, Romania, between 1 November 
2022 and 1 November 2025. 

Clinical, endoscopic, histopathological, microbiological, molecular, and treatment 
outcome data were retrospectively collected from electronic medical records, paper-based 
medical files, endoscopy reports, microbiology laboratory records, and institutional data-
bases. 

Inclusion Criteria: 
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● Age ≥ 18 years; 
● Confirmed H. pylori infection; 
● Available antimicrobial susceptibility testing; 
● Available molecular analysis of 23S rRNA and gyrA mutations; 
● Documented post-treatment eradication assessment; 
● Complete clinical and endoscopic data. 

Exclusion Criteria: 

● Age < 18 years; 
● Missing antimicrobial susceptibility testing; 
● Missing molecular mutation analysis; 
● Absence of post-treatment follow-up evaluation; 
● Incomplete clinical records. 

The final study cohort consisted of patients with complete clinical, endoscopic, mi-
crobiological, molecular, and treatment outcome data and was subsequently used for the 
development and validation of the prediction model for eradication failure. 

4.2. Study Population 

A total of 348 patients diagnosed with H. pylori infection were initially assessed for 
eligibility. Of these, 54 patients were excluded from the analysis: 19 due to missing anti-
microbial susceptibility testing, 12 due to unavailable molecular mutation analysis, and 
23 because post-treatment follow-up data were not available. 

The final study cohort included 294 patients with complete clinical, endoscopic, mi-
crobiological, molecular, and treatment outcome data. Eradication was successful in 214 
patients (72.8%), whereas treatment failure was documented in 80 patients (27.2%). The 
patient selection process is illustrated in Figure 5. 

 

Figure 5. Flowchart of patient selection and study cohort formation. 

4.3. Clinical, Endoscopic, and Histopathological Data Collection 

Demographic and clinical data were retrospectively extracted from electronic medi-
cal records, paper-based medical files, endoscopy reports, and institutional databases. The 
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collected variables included age, sex, BMI, smoking status, alcohol consumption, previous 
H. pylori eradication attempts, previous antibiotic exposure, eradication treatment regi-
men, presenting symptoms, and comorbidities. Treatment regimens were classified as 
clarithromycin-based triple therapy, bismuth quadruple therapy, levofloxacin-based ther-
apy, or other regimens. 

Presenting gastrointestinal symptoms, including dyspepsia, epigastric pain, bloat-
ing, and nausea, were recorded at the time of diagnosis. Comorbid conditions, including 
hypertension, dyslipidemia, diabetes mellitus, chronic liver disease, and family history of 
gastric cancer, were also documented. 

All patients underwent upper gastrointestinal endoscopy as part of routine clinical 
evaluation. Endoscopic findings, including antral gastritis, pangastritis, erosive gastritis, 
gastric ulcer, and duodenal ulcer, were recorded from endoscopy reports. 

Histopathological examination was performed on gastric biopsy specimens obtained 
during endoscopy according to routine clinical practice. Tissue sections were stained with 
hematoxylin–eosin and modified Giemsa stain (Merck, Darmstadt, Germany). Histologi-
cal findings, including gastritis severity (mild, moderate, or severe), intestinal metaplasia, 
and gastric atrophy, were recorded and included in the analysis. 

4.4. Diagnosis of H. pylori Infection 

All patients underwent upper gastrointestinal endoscopy as part of routine clinical 
evaluation. Gastric biopsy specimens were obtained from the antrum and corpus accord-
ing to standard endoscopic practice. 

The diagnosis of H. pylori infection was established by histopathological examination 
and microbiological culture of gastric biopsy specimens. Histological assessment was per-
formed by experienced pathologists, while bacterial isolation was carried out using Co-
lumbia Agar supplemented with 5% sheep blood (BD Diagnostics, Sparks, MD, USA) un-
der microaerophilic conditions at 37 °C. Presumptive H. pylori colonies were identified 
based on colony morphology and confirmed by Gram staining and positive urease, cata-
lase, and oxidase tests. 

Only patients with confirmed H. pylori infection and available antimicrobial suscep-
tibility testing and molecular resistance analysis were included in the study. 

Eradication status was evaluated at least four weeks after completion of therapy us-
ing a 13C-urea breath test performed with the Heliprobe System (Kibion AB, Uppsala, Swe-
den) and/or stool antigen testing using the Premier Platinum HpSA assay (Meridian Bio-
science, Cincinnati, OH, USA). Patients with negative post-treatment results were classi-
fied as having successful eradication, whereas those with persistent positive results were 
considered to have eradication failure. 

4.5. Antimicrobial Susceptibility Testing 

Antimicrobial susceptibility testing was performed on cultured H. pylori isolates ob-
tained from gastric biopsy specimens. Following isolation, bacterial strains were cultured 
under microaerophilic conditions and tested for susceptibility to clarithromycin, levoflox-
acin, amoxicillin, metronidazole, tetracycline, and rifampicin. 

Minimum inhibitory concentrations (MICs) were determined using the E-test 
method (bioMérieux, Marcy-l�Étoile, France) according to the manufacturer�s instruc-
tions. Antimicrobial susceptibility results were interpreted using the clinical breakpoints 
established by the European Committee on Antimicrobial Susceptibility Testing (EU-
CAST). The MIC resistance breakpoints were >0.5 mg/L for clarithromycin, >1 mg/L for 
levofloxacin, >0.125 mg/L for amoxicillin, >8 mg/L for metronidazole, >1 mg/L for tetracy-
cline, and >1 mg/L for rifampicin. Isolates were classified as susceptible or resistant ac-
cording to the corresponding EUCAST breakpoint values. No intermediate susceptibility 
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category is defined by EUCAST for H. pylori clarithromycin or levofloxacin susceptibility 
testing. Phenotypic resistance profiles were subsequently compared with the presence of 
resistance-associated genetic mutations and treatment outcomes. 

4.6. Molecular Detection of Resistance-Associated Mutations 

Molecular resistance testing was performed in accredited private diagnostic labora-
tories in Oradea, Romania, as part of routine clinical management. Molecular test results 
were retrospectively retrieved from laboratory reports available in the patients� medical 
records. 

DNA was extracted from gastric biopsy specimens using the QIAamp DNA Mini Kit 
(Qiagen, Hilden, Germany). Detection of resistance-associated mutations was performed 
using real-time polymerase chain reaction (RT-PCR) on a Rotor-Gene Q platform (Qiagen, 
Hilden, Germany), according to the manufacturer�s instructions. 

The molecular analyses targeted mutations associated with clarithromycin resistance 
within the 23S rRNA gene, including the A2143G, A2142G, and A2142C substitutions. In 
addition, mutations associated with fluoroquinolone resistance were investigated within 
the gyrA gene, including the N87K, D91G, and D91N substitutions. 

For the purposes of the present study, patients were classified according to the pres-
ence or absence of resistance-associated mutations. The detected molecular alterations 
were subsequently correlated with phenotypic antimicrobial susceptibility profiles, erad-
ication outcomes, and treatment failure risk. 

4.7. Eradication Treatment Protocols 

Treatment regimens were selected according to contemporary international and na-
tional recommendations and were individualized based on antimicrobial susceptibility 
testing and molecular resistance profiles when available. 

First-line treatment most commonly consisted of bismuth-containing quadruple ther-
apy (proton pump inhibitor, bismuth, tetracycline, and metronidazole) administered for 
14 days. In selected patients without evidence of clarithromycin resistance, clarithromy-
cin-based triple therapy (proton pump inhibitor, amoxicillin, and clarithromycin) was 
prescribed for 14 days. 

Patients who failed first-line treatment received second-line regimens based on anti-
microbial susceptibility testing results and previous antibiotic exposure. Levofloxacin-
containing therapies, bismuth-based quadruple regimens, or alternative susceptibility-
guided treatments were used according to clinician judgment. 

Because of the retrospective design of the study, complete information regarding the 
exact distribution of treatment regimens was not consistently available for all patients. 
Nevertheless, treatment selection followed contemporary guideline recommendations 
and local clinical practice. 

4.8. Outcome Definition 

The primary outcome of the study was H. pylori eradication failure following stand-
ard eradication therapy. 

Eradication success was defined as a negative post-treatment 13C-urea breath test 
and/or stool antigen test performed at least four weeks after completion of treatment. Pa-
tients with negative follow-up testing were classified as having successful eradication. 

Eradication failure was defined as persistent H. pylori infection confirmed by a posi-
tive post-treatment test result. Patients with positive follow-up testing were classified as 
having treatment failure. 

For patients with multiple clinical visits during the study period, only the most recent 
eradication treatment episode with complete clinical, microbiological, molecular, 
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treatment, and follow-up data was included in the analysis. Information regarding previ-
ous H. pylori eradication attempts was obtained from the documented medical history 
available at the time of the index treatment episode. Accordingly, the variable “previous 
eradication attempts” represented any documented eradication therapies administered 
before the treatment episode included in the present study. 

For subsequent analyses, patients were stratified according to treatment outcome 
(eradication success versus eradication failure). This classification was used for compara-
tive analyses, multivariable logistic regression, and development of the prediction model. 

4.9. Statistical Analysis 

Statistical analyses were performed using IBM SPSS Statistics software (version 26.0; 
IBM Corp., Armonk, NY, USA). 

Continuous variables were expressed as mean ± standard deviation (SD), whereas 
categorical variables were presented as frequencies and percentages. Comparisons be-
tween groups were performed using the independent-samples Student�s t-test for contin-
uous variables and the χ2 test or Fisher�s exact test, as appropriate, for categorical varia-
bles. 

The association between resistance-associated mutations and phenotypic antimicro-
bial resistance was evaluated descriptively and graphically using heatmap visualization. 
Treatment outcomes were compared according to molecular profiles treatment regimens, 
and variables associated with eradication failure were initially assessed using univariate 
analyses. 

Variables demonstrating statistical significance in univariate analysis (p < 0.05), to-
gether with treatment regimen as a clinically relevant covariate, were considered for in-
clusion in the multivariable logistic regression model to identify independent predictors 
of eradication failure. To minimize multicollinearity, overlapping variables representing 
the same biological construct were not entered simultaneously into the final model. Pa-
tients harboring concurrent 23S rRNA and gyrA mutations remained in the analysis and 
contributed to both binary predictor variables. Because of the limited number of patients 
with dual mutations, interaction terms between 23S rRNA and gyrA mutations were not 
included in the final model. aORs and corresponding 95% confidence intervals (95% CIs) 
were calculated. 

A clinical prediction model for eradication failure was developed using the inde-
pendent predictors identified in the multivariable analysis. Model discrimination was 
evaluated by ROC curve analysis and calculation of the AUC. Model calibration was as-
sessed using the Hosmer–Lemeshow goodness-of-fit test. Internal validation of the pre-
diction model was performed using bootstrap resampling with 1000 iterations. For each 
bootstrap sample, the logistic regression model was refitted and its performance was eval-
uated. Model optimism was estimated as the difference between apparent and bootstrap 
performance. Optimism-corrected estimates of discrimination and calibration were sub-
sequently calculated. The calibration slope was used to assess model overfitting. 

All statistical tests were two-sided, and a p-value < 0.05 was considered statistically 
significant. 

4.10. Ethical Considerations 

This retrospective cohort study was conducted in accordance with the ethical princi-
ples of the Declaration of Helsinki and applicable national regulations governing biomed-
ical research involving human participants. 

The study protocol was approved by the Research Ethics Subcommittee of the Uni-
versity of Oradea, Romania (Approval No. 86/31.03.2026), and by the Ethics Committee of 
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the Oradea County Emergency Clinical Hospital, Oradea, Romania (Approval No. 
33050/06.11.2025). 

Due to the retrospective nature of the study and the use of anonymized clinical and 
laboratory data, the requirement for obtaining individual informed consent was waived 
by the ethics committees. Patient confidentiality was strictly maintained throughout the 
study, and all data were analyzed in anonymized form. 

5. Conclusions 
In conclusion, resistance-associated mutations within the 23S rRNA and gyrA genes 

were frequently detected among patients with H. pylori infection and demonstrated strong 
associations with phenotypic clarithromycin and levofloxacin resistance. The A2143G mu-
tation emerged as the predominant molecular determinant of clarithromycin resistance, 
while gyrA mutations were strongly associated with fluoroquinolone resistance. Patients 
harboring resistance-associated mutations, particularly those carrying mutations in both 
genes, experienced significantly lower eradication rates than patients infected with wild-
type strains. 

Furthermore, previous eradication attempts, A2143G mutation status, gyrA muta-
tions, and increasing age were identified as independent predictors of eradication failure. 
A prediction model integrating molecular and clinical variables demonstrated excellent 
discriminatory performance and may represent a useful tool for risk stratification and in-
dividualized treatment selection. 

Collectively, these findings highlight the clinical value of molecular resistance testing 
in the management of H. pylori infection and support the growing implementation of sus-
ceptibility-guided therapeutic strategies. Patients harboring concomitant 23S rRNA and 
gyrA mutations represented the subgroup at highest risk of eradication failure and may 
particularly benefit from individualized treatment approaches. Future prospective multi-
center studies are warranted to validate the proposed prediction model and further ex-
plore the role of molecular diagnostics in precision medicine approaches for H. pylori erad-
ication. 

Author Contributions: Conceptualization, S.D.M., R.N.S., C.S., B.O. and L.I.B.; methodology, 
S.D.M., R.N.S.; software, L.I.B. and B.O.; validation, L.I.B., C.S., B.O., A.V.Ț. and O.F.; formal analy-
sis, S.D.M., R.N.S., T.I. and C.D.C.; investigation, S.D.M. and L.I.B.; resources, S.D.M. and L.I.B.; data 
curation, S.D.M.; writing—original draft preparation, S.D.M., R.N.S., T.I., C.D.C., C.S. and A.V.Ț.; 
writing—review and editing S.D.M., R.N.S., T.I., B.O. and L.I.B.; visualization, B.O., L.I.B. and O.F.; 
supervision, O.F. and L.I.B. All authors have read and agreed to the published version of the man-
uscript. 

Funding: The APC was funded by the University of Oradea, Romania. 

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Research Ethics Committee of the University of Oradea, Ro-
mania (Approval No. 86/31 March 2026), and by the Ethics Committee of the Oradea County Emer-
gency Clinical Hospital, Oradea, Romania (Approval No. 33050/6 November 2025). 

Informed Consent Statement: Patient consent was waived due to the retrospective nature of the 
study and the use of anonymized clinical and laboratory data. 

Data Availability Statement: The data presented in this study are available from the corresponding 
author upon reasonable request. The data are not publicly available due to privacy and ethical re-
strictions related to patient confidentiality. 

Acknowledgments: The authors would like to thank the University of Oradea, Oradea, Romania, 
for supporting the APC. 



Antibiotics 2026, 15, 661 21 of 25 
 

https://doi.org/10.3390/antibiotics15070661 

Conflicts of Interest: The authors declare no conflicts of interest. 

Abbreviations 
The following abbreviations are used in this manuscript: 

aOR Adjusted Odds Ratios 
AUC The Area Under the Curve 
BMI Body Mass Index 
CI Confidence Interval 
EUCAST European Committee on Antimicrobial Susceptibility Testing 
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