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Abstract

Increasing Helicobacter pylori resistance to antibiotics has ledthat molecular testing is appropriate as a sub to
adoption of seven different bismuth quadruple therapies (BQT) in China without differentiation of first-line or
second-line regimens. The objective of this study was to evaluate the efficacy of susceptibility-guided BQT for
patients who had experienced previous treatment failures. A total of 133 patients was included and H. pylori
was successfully cultured from 101 patients (75.9%) for subsequent antimicrobial susceptibility testing (AST).
Based on the AST results, 88 patients completed one of five AST-guided 14-day BQT regimens: esomeprazole and
bismuth colloidal pectin, along with either, amoxicillin and clarithromycin (EBAC), amoxicillin and levofloxacin
(EBAL), amoxicillin and furazolidone (EBAF), amoxicillin and tetracycline (EBAT), or tetracycline and furazolidone
(EBTF). H. pylori eradication rates were 100% for EBAC (5/5), EBAL (13/13), EBAF (14/14), and EBTF (43/43), but 76.9%
for EBAT (10/13). The three patients that failed the EBAT regimen were all cured after subsequent treatment with
the EBTF regimen. Our study demonstrates the excellent efficacy of the AST-guided BQT for referred H. pylori
patients, and that the current EBAT regimen, used in clinics, needs to be optimized. In addition, 57 of the isolates
were subjected to whole-genome sequencing. Analysis of the sequences revealed that point mutations in 23S
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rRNA correlated well with the phenotypic clarithromycin resistance with a concordance of 91.2%, while the
concordance between phenotypic levofloxacin resistance and gyrA point mutations was 82.3%. This suggests
that molecular testing is appropriate as a substitute for AST as a more rapid and cost-effective method for
determining clarithromycin and levofloxacin resistance in Chinese patients.

Key words: Helicobacter pylori; antibiotic resistance; rescue therapy; antimicrobial susceptibility testing;
whole-genome sequencing

Introduction

The global increase in Helicobacter pylori antibiotic resis-
tance is correlated with the decreased efficacy of the
standard empiric triple therapy, proton pump inhibitor
(PPI) plus a combination of two antibiotics, among amox-
icillin (AMX), clarithromycin (CLA) or metronidazole
(MTZ) for treating H. pylori infection, with eradication
rates falling to an unacceptably low level (<60%).1 Con-
sequently, for regions with a clarithromycin resistance
rate >15%, the triple therapy has been abandoned as a
first-line treatment option unless susceptibility testing is
performed prior to treatment.2

In China, the primary rates of H. pylori resistance are
very high to CLA (28.9%), MTZ (63.8%), and levofloxacin
(LVX) (28.0%).3 Therefore, as bismuth is widely available,
the Fifth Chinese National H. pylori Consensus recom-
mended that empiric bismuth quadruple therapy (BQT)
be used to treat H. pylori infection,4 which is consistent
with recent international guidelines including the Maas-
tricht V/Florence consensus,2 the Toronto consensus,5

and the American College of Gastroenterology (ACG) clin-
ical guidelines on H. pylori treatment.6 Of note, apart from
conventional BQT, consisting of a PPI, bismuth, MTZ, and
tetracycline (TET), six other BQT regimens differing in
the combination of two antibiotics: AMX plus CLA, AMX
plus LVX, AMX plus TET, AMX plus MTZ, AMX plus fura-
zolidone (FZD), and TET plus FZD, have also been tested
as highly efficient regimens (with cure rates >90%).7–12

Thus, the seven different BQT regimens listed above have
all been recommended for H. pylori treatment in China
without differentiation between what should be consid-
ered as first-line, second-line, or third-line regimens.4

Although the choice of regimens is recommended to
be based on local H. pylori resistance profiles and his-
tory of personal medications,4 such local antibiotic resis-
tance profiles are mostly unavailable in China because of
the practice of empirical H. pylori treatment, and many
patients who fail therapy do not recall their previous
eradication regimens. Under such circumstances, physi-
cians are forced to ‘randomly’ choose between the non-
differentiated BQT regimens, and, out of prescription
habit, they choose to simply add a bismuth component to
legacy triple therapies (such as PPI + AMX + CLA), which
has led to a poor eradication efficacy in treatment-naı̈ve
patients (<80% by intention-to-treat analysis).8,13 There-
fore, there is an increasing demand for dealing with
treatment failures after an unsuccessful BQT in China.

As H. pylori infection has been defined as an infec-
tious disease by all recent consensus guidelines,2,5,6,14,15

its treatment should be susceptibility-guided, as is done
for other infectious diseases, to minimize the misuse and
overuse of antibiotics, especially in the setting of an ini-
tially failed BQT. There are two types of susceptibility
tests for profiling H. pylori drug resistance: 1) standard
phenotypic antimicrobial susceptibility testing (AST),
and 2) genotypic molecular testing. Because of the fastid-
ious growth requirements for the culture of H. pylori, the
standard AST is indeed laborious and time-consuming
(∼1–2 weeks).4 Nevertheless, it is currently the only way
to test the susceptibility of H. pylori isolates to all clin-
ically used antibiotics.2 Compared to the standard AST,
genotypic molecular tests do not require culture and
therefore are more rapid and convenient for detection
of H. pylori drug resistance. However, currently these
molecular-based tests can only be used for the detec-
tion of CLA and LVX resistance.2 CLA resistance mainly
results from point mutations in the V domain of 23S
rRNA, particularly at positions 2146 and 2147 (A2147G,
A2146G, A2146C),16–22 and LVX resistance mainly results
from point mutations in gyrA corresponding to the amino
acid sequence positions 87 and 91.17,20–22 The presence
of these point mutations has been reported to corre-
late well with the standard AST in clinical isolates from
several countries,20–22 and therefore commercially devel-
oped kits are available.23,24 However, whether these point
mutations correlate well with the corresponding stan-
dard AST in Chinese H. pylori isolates remains to be deter-
mined.

Here, we report the results of AST-guided BQT for
referred patients who have mostly failed previous BQT.
Furthermore, using a subset of clinical isolates subjected
to whole-genome sequencing, we assessed the accuracy
of the presence of point mutations in the 23S rRNA gene
and gyrA in predicting phenotypic CLA and LVX resis-
tance in Chinese H. pylori isolates.

Materials and methods
Patients

This was a study of consecutive patients who had failed
at least one H. pylori empiric treatment. Persistent H.
pylori infection was diagnosed using the 14C-urea breath
test (UBT).2 Exclusion criteria included subjects who
were naı̈ve to H. pylori therapy; younger than 18 years
old; pregnant women; mentally impaired; currently tak-
ing any medications for other medical conditions; and
had a history of allergy to any of the given regimens.
Informed consent was obtained from all participants and
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the study was conducted in accordance with the Decla-
ration of Helsinki, and the protocol was approved by the
Ethics Committee of West China Hospital of Sichuan Uni-
versity (2017/332). All participants were evaluated with
gastric endoscopy examination with biopsy specimens
taken for bacterial culture and histology.

H. pylori isolation

During gastric endoscopy, one or two biopsies were taken
from the antrum and/or corpus and were transferred on
ice in saline-containing tubes to the H. pylori laboratory at
West China-Marshall Research Center for Infectious Dis-
eases, for culture. The biopsies were homogenized with a
FastPrep R©-24 Sample Preparation System (M.P. Biomed-
icals, USA) and inoculated onto two agar plates (non-
selective and selective). The non-selective plates used in
this study were commercial Columbia Blood Agar (CBA)
plates (Autobio, China), and the selective plates were CBA
supplemented with 5% sheep blood and Dent antibiotics
(Oxoid). Inoculated plates were incubated at 37◦C for 3–
5 days under microaerobic conditions generated using
the Anoxomat Mark-II system (Mart Microbiology B.V.,
the Netherlands). After incubation, the colonies resem-
bling H. pylori were confirmed by Gram-staining and pos-
itive oxidase, catalase, and urease tests.

Antimicrobial susceptibility testing

Minimal inhibitory concentrations (MICs) for AMX, CLA,
MTZ, LVX, and TET were performed using an Epsilome-
ter test (E-test) (Liofilchem s.r.l, Italy), whereas the MIC
for FZD was determined using the 2-fold agar dilution
method as previously described.25 According to the rec-
ommendations of the European Committee on Antimi-
crobial Susceptibility Testing (EUCAST), resistance to
MTZ, CLA, LVX, AMX, and TET was defined as MIC
>8 mg/l, >0.5 mg/l, >1 mg/l, >0.125 mg/l, and 1 mg/l,
respectively.25 Resistance to FZD was defined as MIC
> 2 mg/l.25,26 Strains with resistance to three or more of
the six tested antibiotics were defined as a multidrug-
resistant (MDR) phenotype.

Whole-genome sequencing and genotypic
resistance

Genomic DNA isolated from 57 isolates using the
QIAamp DNA Mini Kit (Qiagen), were subjected to whole-
genome sequencing using an Illumina HiSeq X10 plat-
form at Shenzhen BGI Diagnosis Technology Co., Ltd.
The assembly and annotation of the generated reads
were performed as previously described.27 Draft whole-
genome sequences of the 57 strains were deposited at
GenBank (Table S1 in the supplementary material). Of
note, 32 out of the 57 genomes were used in a previous
study involving bioinformatic analysis of lipopolysaccha-
ride glycosyltransferase genes among H. pylori strains of
different phylogeographic origin.27

Using the DNA sequences of 23S rRNA (HPr01) and
gyrA (HP0701) from H. pylori strain 26695 (RefSeq assem-
bly accession: GCF 000008525.1) as references, the CLA
genotypes (the presence/absence of mutations at posi-
tions 2146 and 2147 in the V domain of 23S rRNA), and
the LVX genotypes (the presence/absence of mutations
at the HP0701 amino acid sequence positions 87 and 91)
were analyzed by Ariba (v 2.13.5) with default parame-
ters.28 Of note, strain 26695 was tested in this study to
be sensitive to both CLA (MIC: 0.016 mg/l) and LVX (MIC:
0.047 mg/l).

Susceptibility-guided bismuth quadruple rescue
therapies

Based on AST and the recommendations of the Fifth
Chinese National Consensus report on H. pylori infec-
tion treatment,4 five different bismuth quadruple res-
cue regimens were used in this study (Fig. 1). These BQT
regimens consisted of esomeprazole and bismuth col-
loidal pectin with AMX and FZD (EBAF), or with TET and
FZD (EBTF), AMX and LVX (EBAL), AMX and CLA (EBAC),
or AMX and TET (EBAT) (Table S2 in the supplementary
material).

To enhance drug compliance, all patients were
informed of the importance of adhering to the treat-
ment regimen for the full course (14 days) to achieve
successful eradication. Patients were instructed of the
timing of doses in relation to meals (administer PPI and
bismuth 30 minutes before the meals, antibiotics taken
30 minutes after meals). Systematic telephone follow-
ups with each patient were taken to collect data on
compliance and treatment tolerance. Eradication of the
H. pylori infection was assessed using the UBT at least
8 weeks after completion of the rescue therapies.

Results
Patient demographics and clinical characteristics

From November 2017 to September 2018, a total of 133
(male/female, 67/66) consecutive patients who had failed
at least one H. pylori eradication treatment were eval-
uated with gastric endoscopy, with biopsy specimens
taken for bacterial culture and histology (Table 1). Gas-
tritis or duodenitis was found in 106 (79.7%) patients,
mucosal erosions were present in six (4.5%) patients, and
peptic ulcers in 19 (14.3%) patients. The patients with
complete clinical records who had one, two, and three
or more previous failed treatments were 54 (40.6%), 29
(21.8%), and 23 (17.3%), respectively. However, 27 patients
(20.3%) could not recall their previous treatment regi-
mens.

H. pylori culture rate and antibiotic resistance
patterns

Of the 133 patients included in this study, 101 (75.9%)
cases had successful bacterial cultures and subsequent
susceptibility tests were completed (Fig. 1). Antibiotic
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Figure 1. Flow chart of the study. AST, antimicrobial susceptibility testing; BQT, bismuth quadruple therapy; E, esomeprazole; B, bismuth colloidal
pectin; A, amoxicillin; C, clarithromycin; L, levofloxacin; F, furazolidone; T, tetracycline.

Table 1. Patients demographics and clinical characteristics.

Variables
Patients enrolled
(n = 133)

Mean age (years) 48.3 ± 11.8
Male/female 67/66
Endoscopy findings

Gastritis/duodenitis 106 (79.7%)
Mucosal erosions 6 (4.5%)
Peptic ulcer disease 19 (14.3%)
Other 2 (1.5%)

Number of previous eradication therapies
1 54 (40.6%)
2 29 (21.8%)
≥3 23 (17.3%)
Unknown 27 (20.3%)

resistance rates to MTZ, CLA, and LVX were high,
with values of 95.0% (96/101), 88.1% (89/101), and 69.9%
(71/101), respectively (Table 2). Of note, most of the MTZ-
resistant strains (94/96, 97.9%) had MIC values > 250 mg/l
(Fig. 2). However, a wide distribution of MICs against
CLA was observed: ≤0.25 mg/l (n = 12), 0.75 (n = 5), 1–
8 (n = 55), 12–96 (n = 21), and 256 (n = 8). As for the MIC
values against LVX, 43 strains had an MIC ≥32 mg/l, 30
strains had an MIC ≤0.75 mg/l, 23 strains had an MIC
in the range of 1–8 mg/l, with the remaining five strains
having an MIC value in the range of 12–24 mg/l (Fig. 2).

Table 2. AST results of 101 clinical H. pylori isolates.

AST results
No. of
strains

Resistance
rate (%)

MTZ 96 95.0
CLA 89 88.1
LVX 71 70.3
AMX 4 3.9
TET 1 1.0
FZD 2 1.9
Mono resistance 7 6.9
MTZ 5 4.9
CLA 2 1.9
Dual resistance 27 26.7
MTZ + CLA 21 20.8
MTZ + LVX 5 4.9
LVX + CLA 1 1.0
Triple resistance 59 58.4
MTZ + CLA + LVX 59 58.4
Quadruple resistance 5 4.9
MTZ + CLA+ LVX + AMX 4 3.9
MTZ + CLA + LVX+ FZD 1 1.0
Quinary resistance 1 1.0

MTZ + CLA + LVX + TET + FZD
1 1.0

Pan resistance 0 0

AMX, amoxicillin; TET, tetracycline; FZD, furazolidone; LVX, levofloxacin; CLA,

clarithromycin; MTZ, metronidazole.
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Figure 2. Distribution of minimum inhibitory concentrations (MICs) found against six antibiotics in 101 clinical H. pylori isolates. Based on
EUCAST, the resistance cut-off values for MTZ, CLA, LEV, AMX, and TET were defined as MIC >8 mg/l, >0.5 mg/l, >1 mg/l, >0.125 mg/l, and
1 mg/l, respectively.26 Resistance to FZD was defined as MIC >2 mg/l.26,27 The resistance cut-off value for each antibiotic was indicated by a
dotted line.

Antibiotic resistance rates to AMX, TET, and FZD were
found to be low, at 4.0% (4/101), 1.0% (1/101), and 2.0%
(2/101), respectively (Table 2), which was in sharp con-
trast to the high resistance rates of MTZ, CLA, and LVX.
As for the MICs of AMX, all the 101 strains (100%) had MIC
≤0.38 mg/l (Fig. 2).

Of the 101 cultured strains, seven (6.9%) were mono-
antibiotic resistant (five to MTZ and two to CLA), and
27 (26.7%) were dual resistant (21 to MTZ + CLA, five to
MTZ + LVX, one to LVX + CLA). Triple resistance was
observed in 59 strains (58.4%), with all strains being resis-
tant to the same three antibiotics: MTZ + CLA + LVX.
Quadruple resistance was detected in five strains (5.0%),
with four of them resistant to MTZ + CLA + LVX + AMX
(Table 2). Quinary resistance was detected in one strain
with sensitivity only to AMX. Thus, the overall MDR phe-
notype in the 101 isolates was 64.4% (65/101). Finally, only
two of the 101 strains (patient 38# and patient 77#) were
pan-sensitive to the six antibiotics tested despite previ-
ous use of AMX, CLA, MTZ, and LVX (Table S1).

As it has been reported that >15% simultaneous resis-
tance to CLA and MTZ impairs the efficacy of all non-
bismuth quadruple therapies,2,5 the strains that were
resistant to both these antibiotics (including dual, triple,
quadruple, and quandary resistant) were recorded as
85.1% (86/101).

Concordance between phenotypic and molecular
resistance patterns

To compare molecular testing and standard AST meth-
ods, 57 clinical isolates characterized by AST were sub-
jected to whole-genome sequencing and were analyzed
for the presence of mutations at positions 2146 and
2147 (A2147G, A2146G, A2146C) in the 23S rRNA,16–22 and
mutations at amino acid sequence positions 87 and 91 in
gyrA,17,20–22 for the detection of CLA and LVX susceptibil-
ity, respectively.

Concordance between phenotypic and molecular
resistance patterns to CLA was observed for 52 of the 57
whole-genome sequenced clinical isolates (91.2%) (Table
S3 in the supplementary material). Of these strains, three
strains were susceptible and the remaining 49 strains
were resistant. An A2147G mutation was identified in
98.0% of the resistant isolates (48/49), and the A2146G
mutation in only 2.0% (1/49). The A2146C mutation was
not detected in any of the 57 sequenced genomes. There
was discordance between the standard AST and geno-
type results in 8.8% of the isolates (5/57): two had a sus-
ceptible phenotype but contained a A2147G mutation,
while three had a resistant phenotype but possessed a
wild-type 23S rRNA sequence (Table S3 in the supple-
mentary material).
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Table 3. Eradication rate of different AST-guided BQT regi-
mens in this study.

Regimens n Cured Eradication rate (%)

EBAC 5 5 100.0
EBAL 13 13 100.0
EBAF 14 14 100.0
EBAT 13 10 76.9
EBTF 43 43 100.0
Total 88 85 96.6

E, esomeprazole; B, bismuth colloidal pectin; A, amoxicillin; C, clarithromycin; F,

furazolidone; T, tetracycline; L, levofloxacin.

For the LVX resistance profile, the concordance
between phenotypic and molecular resistance patterns
was observed for 82.3% of the isolates (47/57). Of these
strains, 12 strains were susceptible and the remaining
35 strains were resistant. An Asn-87-Lys mutation was
recorded in 51.4% of the resistant isolates (18/35), and
an Asn-87-Ile mutation was recorded in 8.6% (3/35). The
remaining 14 strains were found to have mutations at
Asp-91-Asn (n = 6), Asp-91-Gly (n = 6), and Asp-91-Tyr
(n = 2). Inconsistency between the phenotypic and geno-
typic results was observed for 17.5% of the sequenced
isolates (10/57): four strains had a susceptible pheno-
type but harbored a gyrA 87 or 91 mutation, while six
strains had a resistant phenotype but possessed a wild-
type gyrA sequence (Table S4 in the supplementary mate-
rial). Interestingly, the MIC values recorded for the resis-
tant strains having point mutations at position 87 were
higher than that of resistant strains having point muta-
tions at position 91 (Fig. S1 in the supplementary mate-
rial).

AST-guided bismuth quadruple rescue therapy

Of the 101 patients with positive H. pylori culture and sub-
sequent AST, 11 patients were lost to follow-up. There-
fore the 14-day AST-guided BQT was prescribed to 90
patients, among whom another two patients were lost to
follow-up UBT. Of the remaining 88 patients who com-
pleted the 14-day AST-guided BQT (Fig. 1), 43 patients
received the EBTF regimen, 14 patients received the
EBAF regimen, and H. pylori eradication was achieved in
all these patients. Similarly, H. pylori was successfully
cured in all 13 patients receiving the EBAL regimen, and
in all five patients receiving the EBAC regimen. How-
ever, in 13 patients receiving the EBAT regimen, only 10
patients achieved H. pylori eradication (Table 3). Thus, a
100% eradication rate was observed in patients receiv-
ing the EBTF, EBAC, EBAL, and EBAF regimens, whereas
the AST-guided EBAT regimen only gave an eradication of
76.9% (10/13). Overall, a 96.6% (85/88) eradication rate was
achieved in one-course of AST-guided bismuth quadru-
ple rescue therapy. The three patients that failed the
EBAT regimen were all cured with a second 14-day course
of the EBTF regimen.

Discussion

H. pylori infection is an infectious disease, and thus
whenever possible, treatment should be based on cul-
ture and AST to guide the selection of appropriate antibi-
otics, especially in the setting of referred patients with
previous BQT treatment failures. With a culture rate of
75.9% (101/133) in this study, we found that the secondary
resistances to MTZ, CLA, and LVX were 95.0%, 88.1%
and 69.9%, respectively, with 64.4% (65/101) exhibit-
ing triple resistance to these three antimicrobials. The
high (>15%) dual MTZ and CLA resistance excludes the
empiric use of non-BQT,2,5 while the high secondary
LVX resistance rules out the selection of LVX-containing
regimens as empiric rescue therapies.2,5 The secondary
resistances to AMX, FZD, and TET were still low in this
study, being 4.0%, 1.0%, and 2.0%, respectively, which
is consistent with the results from other reported stud-
ies in China.9–11,29 The subsequent AST-guided bismuth
quadruple rescue therapy was highly effective with a
cure rate of 96.6% in this study, providing evidence to
support the principle of susceptibility-guided therapy for
achieving high cure rates in referred patients.

The excellent efficacy of the rescue therapies in this
study can be mainly ascribed to the use of various AST-
guided BQT regimens. Under the circumstances of high
secondary resistance to CLA (88.1%), MTZ (95.0%), and
LVX (69.9%) in this study, 64.8% of the referred patients
(57/88) received the AST-guided FZD-containing BQT,
achieving a cure rate of 100% (Table 3). In addition, the
three patients who failed the EBAT therapy were also
cured with the FZD-containing BQT regimen, EBTF. The
excellent efficacy observed here, of the FZD-containing
BQT in patients even with multiple previous treatment
failures, is consistent with previous studies.9,12 Of note,
however, as FZD is a monoamine oxidase inhibitor, is
that its concurrent use with other drugs including sym-
pathomimetic amines, as well as foods containing tyra-
mine (cheeses, beans, and bean products such as soy
sauce) should be avoided to reduce unnecessary side
effects.30,31 In addition, consumption of alcohol while
taking FZD should be avoided to prevent the occurrence
of disulfiram-like symptoms.

The AST-guided EBAC given to five patients, and the
EBAL regimen given to 13 patients were also shown to
be a highly efficient rescue therapy with a cure rate of
100% (Table 3). This suggests that even in the face of
high secondary resistance to CLA and LVX, these two
drugs, if confirmed to be susceptible by pre-treatment
AST, can still be confidently prescribed to H. pylori-
infected patients. Of note, previous studies have shown
that the AST-guided non-BQT or the AST-guided triple
therapy were not effective in treatment-experienced
patients,32,33 indicating that the bismuth may be an
indispensable component of the rescue regimens.

Of the 13 patients receiving the EBAT regimen with
AST-confirmed susceptibility to the AMX and TET, only
10 patients (76.9%) achieved successful eradication (Table
3). This finding is consistent with previous studies
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showing only 62% to 78% eradication success with
the EBAT regimen.34,35 The suboptimal efficacy of the
EBAT regimen may be ascribed to the antagonistic
effect between AMX and TET. As AMX is a bacterici-
dal drug that exerts antibacterial activity during the
bacterial multiplying phase, whereas TET is a bacterio-
static drug, this may reduce the bactericidal effect of
AMX by inhibiting cellular protein synthesis required
for cell growth.36 However, Liang et al. reported an
optimal efficacy of the EBAT regimen in treatment-
experienced patients with an eradication rate of 94.6%
by per-protocol and 83.8% by intention-to-treat analy-
sis, possibly as a result of the use of a higher dose
of AMX (1 g, three times daily).9 Thus, the current
EBAT regimen with 2 g of AMX daily recommended
by the Fifth Chinese National H. pylori Consensus may
need to be optimized to achieve excellent eradication
efficacy.

As China is a country with high primary resistance to
CLA (28.9%), MTZ (63.8%), and LVX (28.0%),3 the current
recommendation of the seven different BQT regimens
as initial empiric therapies for H. pylori infection by the
Fifth Chinese National H. pylori Consensus,4 is consistent
with the recent international guidelines on H. pylori treat-
ment.2,5,6 However, the non-differentiation of the BQT
regimens as first-line, second-line, or third-line treat-
ment in the current consensus,4 has unfortunately led to
a regimen selection bias. Out of prescription habit, many
physicians choose to simply add a bismuth component
to triple therapies (PPI + AMX + CLA, PPI + CLA + MTZ,
PPI + AMX + MTZ, or PPI + AMX + LVX). However, after
analysis of the patient history collected in this study
(Table S1), we found that most of the failed patients had
previously been prescribed the CLA-containing or LVX-
containing BQT regimens. The AST profiling of the iso-
lates from these failed patients proved that their previ-
ous BQT eradication failure was mainly caused by drug
resistance to CLA and LVX (Table S1). As China is a coun-
try with high primary and secondary resistance to these
antibiotics,3,9–11,29 our study supports the conclusions
from previous studies that without prior susceptibility
testing, CLA- or LVX-containing BQT regimens are not
suitable as the recommended initial or rescue treatment
for patients in China.8,13

In contrast to the excellent efficacy using AST-guided
BQT observed in this study, the culture rate was only
75.9%. Molecular-based susceptibility testing methods
are culture-independent, and so may be used as an
alternative for those patients without a successful cul-
ture. However, molecular-based testing for H. pylori’s
antimicrobial susceptibility is currently not commer-
cially available in China, and studies assessing the
concordance between molecular and phenotypic sus-
ceptibility for CLA and LVX are lacking. By compar-
ing the molecular testing and standard AST in 57
whole-genome sequenced isolates in this study, we
demonstrated a 91.2% and 82.3% concordance between
molecular and phenotypic susceptibility for CLA and
LVX, respectively. Point mutations in 23S rRNA were

identified in 94.2% of the 52 sequenced isolates with phe-
notypic CLA resistance, and gyrA mutations at amino
acid positions 87 and 91 occurring in 85.4% of the
41 sequenced isolates with phenotypic LVX resistance.
These data indicate that when the standard AST is not
available, the molecular tests detecting the presence
of point mutations in 23S rRNA and gyrA can predict
CLA and LVX resistance, respectively, with reasonable
accuracy.

Of note for this study, is that the MIC breakpoints for
H. pylori drug resistance towards many antibiotics have
not been clinically established. Thus, different studies
have applied different breakpoints for the same drug,
which may greatly influence not only H. pylori antimicro-
bial surveillance, but also affect the clinical guidance of
precision H. pylori eradication. For example, when using
the EUCAST standard of 0.125 mg/l as the MIC breakpoint
for AMX in this study, the four strains with MICs of 0.25
and 0.38 mg/l were defined as AMX resistant (Fig. 2D).
However, when applying ≥2 mg/l as the MIC breakpoint
for AMX resistance used in previously published stud-
ies,25,34,37 four strains would be redefined as AMX sen-
sitive.

Despite the excellent eradication results observed,
there are limitations in this study. First, all rescue ther-
apy regimes used in this study contained bismuth, and
more than half of the regimes contained FZD and TET.
These results then, although important in treatment of
H. pylori infection in China, may not be applicable in other
countries where bismuth, FZD, and TET are not available.
Second, the high secondary resistance of our clinical H.
pylori isolates to CLA, MTZ, and LVX can only be used
as a reference for the prediction of drug resistance pro-
files in treatment-experienced populations, rather than
in untreated populations.

In summary, this study demonstrated excellent effi-
cacy of AST-guided BQT regimens (especially the FZD-
containing regimens) for referred H. pylori patients with
previous treatment failures. Recognizing H. pylori as a
common infectious disease, we believe that a 100% cure
rate is achievable with treatment based on individual
susceptibility profiling by AST. If AST is not available, our
study showed that the molecular-based tests could be
used as an alternative for CLA and LVX resistance pro-
filing. If neither standard AST nor molecular testing are
available, BQT regimens containing the two antimicro-
bials chosen from AMX, FZD, and TET can be used as
empiric strategies for rescue therapy.
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