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Summary
Background Ciprofloxacin is the first-line drug for treating typhoid fever in many countries in Africa with a high
disease burden, but the emergence of non-susceptibility poses a challenge to public health programmes. Through
enhanced surveillance as part of vaccine evaluation, we investigated the occurrence and potential determinants of
ciprofloxacin non-susceptibility in Blantyre, Malawi.

Methods We conducted systematic surveillance of typhoid fever cases and antibiotic prescription in two health centres
in Blantyre, Malawi, between Oct 1, 2016, and Oct 31, 2019, as part of the STRATAA and TyVAC studies. In addition,
blood cultures were taken from eligible patients presenting at Queen Elizabeth Central Hospital, Blantyre, as part of
routine diagnosis. Inclusion criteria were measured or reported fever, or clinical suspicion of sepsis. Microbiologically,
we identified Salmonella enterica serotype Typhi (S Typhi) isolates with a ciprofloxacin non-susceptible phenotype from
blood cultures, and used whole-genome sequencing to identify drug-resistance mutations and phylogenetic
relationships. We constructed generalised linear regression models to investigate associations between the number
of ciprofloxacin prescriptions given per month to study participants and the proportion of S Typhi isolates with
quinolone resistance-determining region (QRDR) mutations in the following month.

Findings From 46 989 blood cultures from Queen Elizabeth Central Hospital, 502 S Typhi isolates were obtained,
30 (6%) of which had either decreased ciprofloxacin susceptibility, or ciprofloxacin resistance. From 11 295 blood
cultures from STRATAA and TyVAC studies, 241 microbiologically confirmed cases of typhoid fever were identified,
and 198 isolates from 195 participants sequenced (mean age 12⋅8 years [SD 10⋅2], 53% female, 47% male). Between
Oct 1, 2016, and Aug 31, 2019, of 177 typhoid fever cases confirmed by whole-genome sequencing, four (2%) were
caused by S Typhi with QRDR mutations, compared with six (33%) of 18 cases between Sept 1 and Oct 31, 2019.
This increase was associated with a preceding spike in ciprofloxacin prescriptions. Every additional prescription of
ciprofloxacin given to study participants in the preceding month was associated with a 4⋅2% increase (95% CI
1⋅8–7⋅0) in the relative risk of isolating S Typhi with a QRDR mutation (p=0⋅0008). Phylogenetic analysis showed
that S Typhi isolates with QRDR mutations from September and October, 2019, belonged to two distinct subclades
encoding two different QRDR mutations, and were closely related (4–10 single-nucleotide polymorphisms) to
susceptible S Typhi endemic to Blantyre.

Interpretation We postulate a causal relationship between increased ciprofloxacin prescriptions and an increase in
fluoroquinolone non-susceptibility in S Typhi. Decreasing ciprofloxacin use by improving typhoid diagnostics, and
reducing typhoid fever cases through the use of an efficacious vaccine, could help to limit the emergence of resistance.

FundingWellcome Trust, Bill & Melinda Gates Foundation, and National Institute for Health and Care Research (UK).

Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Introduction
Salmonella enterica serotype Typhi (S Typhi) is the causative
agent of typhoid fever, a systemic infectious disease.
Globally, in2017, therewereanestimated10⋅9million cases
of typhoid fever (95% CI 9⋅3–12⋅6), resulting in 116 800
deaths (65 400–187 700), mainly in countries in south and
southeast Asia and sub-Saharan Africa.1

Drug resistance is a major problem in S Typhi infection,
leading to worse outcomes for patients and having sub-
stantial implications for overstretched health systems in
www.thelancet.com/microbe Vol 5 March 2024
low-income and middle-income countries. At least 75% of
isolates of S Typhi in Africa have been identified to be
multidrug-resistant (MDR), with resistance to first-line
antibiotics including ampicillin, chloramphenicol, and
co-trimoxazole.2 The MDR phenotype was associated with
the emergence of the H58 lineage in south and southeast
Asia and east and southern Africa.3,4

Salmonellae that are resistant to fluoroquinolones (eg,
ciprofloxacin) are onWHO’s list of global priority antibiotic-
resistant pathogens. In Asia, S Typhi with decreased
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Research in context

Evidence before this study
Current knowledge of the drivers of antimicrobial resistance in
settingswith a high burden of infectious diseases is largely inferred
from data from countries with a low burden of infectious diseases.
We searched PubMedonApril 6, 2023, for articles reporting on the
association between fluoroquinolone use and the emergence of
fluoroquinolone resistance in countries with a high burden of
infectious diseases (see appendix 1 p 1 for full query). Our search
terms included Escherichia coli, Salmonella, Enterobacteriaceae,
Klebsiella, and enteric bacteria, and we excluded only tuberculosis.
We identified three studies from African countries that identified
an association between ciprofloxacin use and ciprofloxacin non-
susceptibility in E coli. None of these three papers investigated
ciprofloxacin resistance in isolates causing invasive disease.

Added value of this study
We identified an association between the proportion of Salmonella
enterica serotype Typhi (S Typhi) with a non-synonymous

mutation in the quinolone resistance-determining region (QRDR)
and the number of ciprofloxacin prescriptions in the previous
month. We used genome sequencing to identify that the S Typhi
isolates with the QRDR mutations evolved locally from the
endemic S Typhi population in Blantyre, Malawi, and were not the
result of importations from other countries.

Implications of all the available evidence
Although the direction of causality is difficult to establish in an
ecological study design such as ours, the implication of the
available evidence is that increases in ciprofloxacin use can rapidly
cause the emergence of resistance in STyphi. As ciprofloxacin is still
the first-line therapy formultidrug-resistant typhoid fever inmany
African countries, this information is highly pertinent for health
policy makers. Improved typhoid diagnostics and the introduction
of efficacious vaccines, such as typhoid conjugate vaccines, could
mitigate this adverse outcome.

See Online for appendix 1
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ciprofloxacin susceptibility (DCS; defined as a ciprofloxacin
minimum inhibitory concentration [MIC] ≥0⋅12 μg/mL to
<1 μg/mL) accounted for more than 60% of typhoid fever
cases in Asia in 2011–15, which led to the adoption of azi-
thromycin and third-generation cephalosporins as the first-
line therapy for typhoid fever in this region.2 In Africa, the
proportion of infections with S Typhi with DCS is below
20%,2 although there is substantial variation between
countries.5–10 In Zimbabwe, the proportion of S Typhi iso-
lates referred to the national reference laboratory that
were resistant to ciprofloxacin (with ciprofloxacin MICs
≥1 μg/mL) increased from 4% to 22% between 2012
and 2017,11 while a large outbreak of typhoid fever in
the city of Harare showed ciprofloxacin resistance in
S Typhi isolates from 33% of hospitalised patients.12Whole-
genome sequencing showed that the ciprofloxacin non-
susceptibility, or resistance, was due to plasmid-mediated
quinolone-resistance genes, in some cases combined with
quinolone resistance-determining region (QRDR) muta-
tions.13 In Malawi, an enhanced passive surveillance study
in the Ndirande urban township area of the city of Blantyre
found that 92%ofSTyphi isolateswereMDR, but only 0⋅9%
of isolates had DCS.14 These findings are consistent with
a previous report from a hospital cohort in which none of
176 S Typhi isolates had DCS.4

Against a background of a low rate of ciprofloxacin non-
susceptibility in S Typhi in Malawi, we investigated the
genomic and epidemiological features of a cluster ofSTyphi
with QRDR mutations isolated from Blantyre, Malawi, in
September to October, 2019.

Methods
Study design and participants
Participants were enrolled either from the community-
based secondary health centres in the Ndirande or
Zingwangwa townships (between Oct 1, 2016, and
Oct 31, 2019) or from Queen Elizabeth Central Hospital
(between Jan 1, 2019, and Jan 31, 2022), in Blantyre,
Malawi.15,16 Further information about the setting can be
found in appendix 1 (pp 1–2).
Participants who contributed bacterial isolates to this

study were recruited from two main sources. The first
source of participants was the routine blood culture service
provided to Queen Elizabeth Central Hospital (a tertiary-
level hospital) by the Malawi-Liverpool-Wellcome Pro-
gramme.This service is for adults (aged≥16years) admitted
to the hospital with axillary temperature over 37⋅5◦C orwith
clinical suspicionof sepsis, and for children (aged<16 years)
who are malaria slide negative, or malaria slide positive and
critically ill, or with clinical suspicion of sepsis.We included
all STyphi isolates obtained by this service from Jan 1, 2019,
to Jan 31, 2022, for which pefloxacin disk diffusion sus-
ceptibility testing results were available. From Nov 1, 2019,
all pefloxacin screening was done routinely by the Malawi-
Liverpool-Wellcome Programme blood culture service;
isolates from before this date were recovered from the
programme’s –80◦C freezer archive and tested as part of the
current study.
The second source of participants was the Strategic

Typhoid Alliance Across Africa & Asia (STRATAA) and
Typhoid Vaccine Acceleration Consortium (TyVAC) stud-
ies, the detailed methods of which have been previously
published.14–16 The primary goal of STRATAA was to
quantify the incidence of typhoid fever at three sites in Asia
and Africa, which was done by passive surveillance at
selected secondary-care outpatient health centres at those
sites. The primary goal of TyVAC was to assess the safety
and efficacy of the typhoid conjugate vaccine. Secondary-
care outpatient health centre-based passive surveillance
was used to detect cases of typhoid fever among TyVAC
www.thelancet.com/microbe Vol 5 March 2024
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participants. Cases were defined by microbiologically con-
firmed S Typhi bloodstream infection. Relevant details
are presented in appendix 1 (pp 2–3). Ciprofloxacin pre-
scriptions given to study participants by either government
or study staff were recorded in the clinical research form.
Fluoroquinolones are considered to be themost appropriate
first-line treatment for adults and children who are able to
take oral medication for typhoid,17 and are available at both
secondary-level and tertiary-level health facilities for this
purpose in accordance with Malawi national guidelines.18

This research was approved by the appropriate research
ethics committees inMalawi (College ofMedicineResearch
Ethics Committee and National Health Science Research
Committee) and at the University of Liverpool (Liverpool,
UK). Participants or their guardians provided written
informed consent.

Procedures
The study team had access to all isolates reported here and,
where the procedures were not done immediately upon
isolation, isolates were stored on beads at –80◦C until the
timeof theprocedure. Thepefloxacindiskdiffusionmethod
wasused to test all isolates in this study to identify thosewith
altered susceptibility to fluoroquinolones according to the
European Committee on Antimicrobial Susceptibility
Testing guidelines.19 For any isolates with reduced suscep-
tibility to pefloxacin, the ciprofloxacin MIC was confirmed
by E-test (appendix 1 p 3).
For the sequencing of isolates from the STRATAA and

TyVAC studies, isolates were cultured overnight on XLD
agar at 37◦C and genomic DNA was extracted with the
Wizard Genomic DNA Extraction Kit (Promega, Madison,
WI, USA) following the manufacturer’s recommendations.
Genomic DNA was shipped to the Wellcome Sanger Insti-
tute for indexed whole-genome sequencing on an Illumina
HiSeq 2500 platform (Illumina, San Diego, CA, USA) to
generate paired-end reads of 100 bp in length. A subset of
genome sequences fromparticipants enrolled in STRATAA
between Oct 1, 2016, and Aug 31, 2019, have been reported
in the multisite analysis for that study.20 Bioinformatics
methods were used to identify the subclades of S Typhi,
identify antimicrobial resistance (AMR) genes and muta-
tions, measure single-nucleotide polymorphism (SNP)
distances, and generate maximum-likelihood phylogenies
(appendix 1 p 4).

Statistical analysis
To investigate the association between the proportion
of total sequencing-confirmed typhoid fever cases with
QRDR mutations and the total number of ciprofloxacin
prescriptions in the preceding month, we constructed a
generalised linear regression model with a binomial distri-
bution. No covariables were used as there were no variables
available to our study that changed over the study period and
that could have had a notable influence on the proportion of
S Typhi isolates with QRDRmutations detected, other than
the number of doses of ciprofloxacin prescribed. By using
www.thelancet.com/microbe Vol 5 March 2024
proportions, the binomial model accounts for the single
largest contributor to more QRDR cases, the number of
isolates, and the difference in recruitment criteria between
centres. Thedatawere completewith respect to the variables
included in the analysis (the proportion of S Typhi with
QRDR mutations and monthly ciprofloxacin prescriptions
were available for each month), and thus no specific meth-
ods were needed to account for missing data. The binomial
95% CIs for percentage proportions were calculated using
the prop.test function in R.We have interpreted odds ratios
(ORs) as relative riskgiven the rarity of the outcome (STyphi
with QRDRmutations).
All analyses were done with R (version 4.1.0); further

details are available in appendix 1 (p 5).

Role of the funding source
The funders of the study had no role in study design, data
collection, data analysis, data interpretation, orwritingof the
report.

Results
From46989patients presenting atQueenElizabethCentral
Hospital between Jan 1, 2019 and Jan 31, 2022, we screened
502 S Typhi isolates for resistance to pefloxacin, and iden-
tified 37 isolates (7%) that were resistant (figure 1A).
30 isolates (6% [95%CI 4–9] of total)were confirmed to have
eitherDCS (n=29)or ciprofloxacin resistance (n=1;figure2).
Between Oct 1, 2016, and Oct 31, 2019, we conducted

enhanced passive surveillance for S Typhi at the Ndirande
and Zingwangwa health centres. From 11295 blood cul-
tures, we identified 244 S Typhi isolates from 241 patients
(figure 1B). Primary results from the sequencing of isolates
obtained aspart of theSTRATAAstudybetweenOct 1, 2016,
and Aug 31, 2019, are reported elsewhere.20 Here, we report
a combined analysis of the 141 S Typhi genomes from
Malawi previously published by Dyson and colleagues,20

and 57 novel genomes from 54 patients, extending
coverage of genomic surveillance to Oct 31, 2019. In total,
from patients recruited between Oct 1, 2016, and
Oct 31, 2019, we sequenced 198 of 244 S Typhi isolates
from 195 of 241 patients (figure 1; appendix 1 pp 8–9) and
identified S Typhi from ten patients with non-synonymous
mutations in theQRDR (figure 3). Themean age of patients
from whom isolates were sequenced was 12⋅8 years
(SD10⋅2), 53%of patientswere female, and 47%weremale.
All isolates that could be recovered from the Malawi-
Liverpool-Wellcome Programme culture archive were
sequenced. No plasmid-mediated quinolone-resistance
mechanisms were identified in S Typhi isolates from
Blantyre.
In the first half of 2019, there was an increase in cases of

MDR typhoid fever. Between October, 2016, and December,
2018, a median of 3 sequencing-confirmed cases (IQR
1⋅5–4⋅5) of typhoid fever were identified per month,
increasing to 10 cases (9–12⋅5) per month between January
and October, 2019 (figure 3B). Following this increase in
MDR typhoid fever, the number of ciprofloxacin
e228
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502 screened for pefloxacin resistance

11 295 blood cultures obtained as part
  of the STRATAA and TyVAC studies 

     244 S Typhi isolated from blood of
  241 patients

     195  sequenced S Typhi isolates from
  distinct patients

658 S Typhi isolated by Malawi-Liverpool-
  Wellcome Programme from blood cultures
  taken at Queen Elizabeth Central Hospital

 37 resistant to pefloxacin

 30 with DCS

        46 isolates could not be
  recovered from the
  archive

465 not resistant

 7 without DCS

11 054 blood cultures with
  no S Typhi isolated156 not screened

A B

Figure 1: Flow diagram of samples included in study
(A) S Typhi isolates from Queen Elizabeth Central Hospital that had only antimicrobial resistance phenotyping done.
(B) S Typhi isolates from the STRATAA and TyVAC studies. DCS=decreased ciprofloxacin susceptibility.
S Typhi=Salmonella enterica serotype Typhi.
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prescriptions increased in the second half of 2019, from a
median of 11 (range 1–28; IQR 6⋅75–17⋅75) monthly
prescriptions between October, 2016, and May, 2019, to
71 (range 43–121; IQR 63–113) monthly prescriptions
between June and October, 2019 (figure 3C). Not long after
the increase in ciprofloxacin prescriptions, we noted an
increase in DCS S Typhi: between October, 2016, and
August, 2019, four (2% [95% CI 0⋅006–6]) of 177 cases of
typhoid fever were caused by STyphi withQRDRmutations,
whereas from September to October, 2019, six (33% [14–58])
of 18 cases of typhoid fever were caused by S Typhi with
QRDR mutations (Fisher’s exact test p<0⋅0001; figure 3C).
No other antibiotic showed a trend in prescription similar to
that of ciprofloxacin (appendix 1 p 10).
Between October, 2016, and August, 2019, three different

QRDR mutations were identified: GyrA Ser83Phe (n=2),
GyrA Asp87Gly (n=1), and GyrB Ser464Phe (n=1). During
September andOctober, 2019, twodifferentmutationswere
identified: GyrB Ser464Phe (n=5) andGyrASer83Phe (n=1;
figure 3D). Nine of the ten samples with QRDR mutations
had a DCS phenotype.
Regression modelling showed that each additional pre-

scription of ciprofloxacin given to STRATAA and TyVAC
participants was associated with a 4⋅2% increase (95% CI
1⋅8–7⋅0; p=0⋅0008) in the relative risk of isolating S Typhi
with a QRDR mutation in the subsequent month. The
number of blood cultures taken was not significantly asso-
ciated with the number of S Typhi with QRDR mutations
isolated in that month (OR 1⋅00 [95% CI 1⋅00–1⋅00],
p=0⋅22). As there were two centres enrolling participants in
our study, we did a sensitivity analysis to assess the associ-
ation between ciprofloxacin prescriptions and the propor-
tion of S Typhi with QRDR mutations at each centre
separately. As only one case with S Typhi with QRDR
mutation was identified at the Zingwangwa health centre
during the study period, no statisticallymeaningful analysis
could be done. However, importantly, there were no sus-
tained preceding changes in ciprofloxacin prescriptions at
this site (appendix1p11). Six caseswithSTyphiwithQRDR
mutations were isolated fromNdirande from September to
October, 2019. The proportion of S Typhi with QRDR
mutations was significantly associated with the number
of ciprofloxacin prescriptions in the preceding month
(4⋅8% increased relative risk [95% CI 2⋅5–7⋅6], p=0⋅0008;
appendix 1 p 12). There was no association between the
number of ciprofloxacin prescriptions and the proportion
of S Typhi isolates with DCS or ciprofloxacin resistance
as detected by E-test at Queen Elizabeth Central Hospital
(OR 1⋅01 [95% CI 0⋅99–1⋅02], p=0⋅32).
We did a phylogenetic analysis of the 195 S Typhi isolates

from different patients reported here, combined with 112
S Typhi isolates from Blantyre from previously published
work (appendix 1 p 12).4 Five of the six STyphi isolates from
Ndirande in September and October, 2019 formed a sub-
clade of near-identical isolates (median SNP pairwise dis-
tance 0 SNPs [IQR 0–0], 10 SNPs to nearest neighbour) that
shared the GyrB Ser464Phe amino acid substitution. The
sixth isolate was unrelated to the other five and encoded a
GyrA Ser83Phe amino acid substitution; its closest phylo-
genetic neighbour (four SNPs) was isolated in May, 2019,
from the Ndirande health centre and also encoded a GyrA
Ser83Phe amino acid substitution.
To investigate the hypothesis that the S Typhi with QRDR

mutationswere imported fromoutside Blantyre, we derived
www.thelancet.com/microbe Vol 5 March 2024
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a maximum-likelihood phylogenetic tree of 307 genomes
fromMalawi alongside an additional 1970STyphi genomes
from outside of Malawi from published studies. As the
subclades of interest all belonged to H58, we present a
subtree of 1176 H58 genomes (figure 4).3,5,12 261 (85%) of
307 genomes from Malawi formed a paraphyletic clade
belonging to L4.3.1.1.EA1, which also included 27 genomes
fromZimbabwe, four genomes from South Africa, and one
genome from an unspecified African country. The Zim-
babwean genomes included isolates encoding both the
QnrS1 plasmid-mediated quinolone-resistance protein and
QRDR mutations. An additional maximum-likelihood
phylogeny was constructed, focusing on this subclade
(figure 5), which confirmed that the 27 genomes from
Zimbabwe formed a monophyletic clade and suggested no
transmission of S Typhi with QRDR mutations between
Zimbabwe and Malawi in this dataset. The most closely
related genomes to the Blantyre S Typhi with QRDR muta-
tions were QRDR mutation-negative S Typhi from Blantyre.

Discussion
Within an established vaccine trial and epidemiological
surveillance study in Blantyre, Malawi, a setting with a
background of low ciprofloxacin resistance, we found that
each additional prescription of ciprofloxacin given to par-
ticipants was associated with a 4⋅2% increase in the relative
risk of isolating S Typhi with a QRDR mutation in the
subsequent month. Placing our genomes into a broader
genomic context revealed that the genomes most closely
related to our DCS S Typhi were ciprofloxacin-susceptible
S Typhi from Blantyre, and hence not the result of an
introduction from another country.
Long-term blood culture surveillance at the outpatient

secondary-care level is unusual in our setting.However, our
surveillance platform enabled us to detect community cases
of typhoid fever that influence empirical outpatient pre-
scribing and the earliest emergence ofQRDRmutations. In
Blantyre, clinical microbiology tests are not standard, and
prescriptions are not systematically recorded. This mirrors
manyprimary or secondaryhealth-care systems incountries
in sub-Saharan Africa, leading to limited literature on the
association between antibiotic use and resistance in the
region.21–23

Genomic analysis enhanced our study by reliably identi-
fying STyphi withQRDRmutations; by contextualising our
S Typhi findings within global data, confirming the DCS
S Typhi’s local emergence rather than foreign import;
and by revealing that the S Typhi with QRDR mutations
from September and October, 2019, belonged to distinct
subclades with different mutations.
Our ecological study design examines the correlation

between antimicrobial use and the emergence of resistance
at the population level, rather than at the individual level,
limiting our ability to establish definitive causality between
ciprofloxacin use and QRDR emergence. However, we can
compare the plausibility of forward causality (increased
ciprofloxacin prescriptions leading to more S Typhi with
www.thelancet.com/microbe Vol 5 March 2024
QRDRmutations) against reverse causality (rise in S Typhi
with QRDR mutations leading to more prescriptions).
Forward causality is biologically plausible, supported by the
significant association between the previous month’s
ciprofloxacin prescriptions and the proportion of mutated
S Typhi. Although reverse causality might arise from pre-
scribing in response to local AMR trends, it is unlikely that
an increase in DCS S Typhi would prompt more cipro-
floxacinprescriptions. Thus, forward causality appearsmost
probable, but potential biases, such as external ciprofloxacin
use, might exist.
e230
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Figure 4: Phylogenetic tree of 307 S Typhi from Blantyre (one genome per patient)
Tree branches in insets are coloured according to the QRDR mutation observed descending from that branch (corresponding to column 4). S Typhi=Salmonella enterica serotype Typhi. QRDR=quinolone
resistance-determining region.
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As a sensitivity analysis, we investigated the association
between ciprofloxacin prescriptions and the proportion of
S Typhi with QRDR mutations at each of the two health
centres. As the QRDR-mutated S Typhi were primarily
isolated from the Ndirande health centre, there was only a
significant association at this site, while there was neither
any increase in ciprofloxacin prescriptions nor the emer-
gence of QRDR-mutated S Typhi at the Zingwangwa health
centre (appendix 1 p 11), strengthening the evidence for the
forward causal association.
Most antibiotic use in Africa is empirical and often not

prescribed by health professionals.24,25 In Malawi, a higher-
than-average 64% of antibiotic prescriptions are done by
health facilities,26 but a significant proportion are still
informally obtained. Our study included ciprofloxacin pre-
scriptions only from the STRATAA and TyVAC projects,
introducing potential bias from untracked external use.
However, ciprofloxacin is not commonly used as a non-
prescription antibiotic in Malawi, with only 2–3% of
people reporting using oral ciprofloxacin “frequently”, in
contrast to 68% and 36%of people reporting frequent use of
co-trimoxazole or amoxicillin, respectively.26,27 We cannot
accurately estimate non-study-related prescribed cipro-
floxacin use in our recruitment areas or broader Blantyre,
but the low rate of DCS S Typhi isolated from people pre-
senting at Queen Elizabeth Central Hospital is consistent
with low community use of ciprofloxacin.
An important limitation of our study is the small sample

size of S Typhi isolates with QRDR mutations due to our
focus on their earliest emergence, reducing our power to
discern an association. Hospital surveillance has not shown
awidespread rise inDCSSTyphi. Thisfinding could be due
to Malawi’s low ciprofloxacin use, making interpretations
challenging. Additionally, hospital-based detections of
S Typhi declined after SARS-CoV-2 emergence, probably
from reduced hospital visits owing to fear of the virus.
Models used in this study were not adjusted for any

covariables because our outcome measure was the propor-
tion of S Typhi isolates with QRDR mutations, and our
methodology for identifying such isolates was consistent
across the study period. If we had used the number of
S Typhi isolates with QRDRmutations, then we would also
need to account for the number of blood cultures done and
the subtly different sampling frames of the two studies.
www.thelancet.com/microbe Vol 5 March 2024
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Figure 5: Phylogenetic tree of 299 S Typhi genomes from the Malawian and Zimbabwean subclade and an outlier
S Typhi=Salmonella enterica serotype Typhi. QRDR=quinolone resistance-determining region.
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Our modelling revealed a significant positive association
between ciprofloxacin prescriptions and the proportion of
S Typhi isolates with QRDR mutations in the following
month, against a background of low rates of DCS S Typhi
in Blantyre (figure 2). This short lag time is in line with
what other studies have found for the relationship
between ciprofloxacin prescriptions and fluoroquinolone
resistance.28–30

Uncontrolled use of antibiotics has long been blamed for
the emergence of resistance to fluoroquinolones and other
antibiotics in S Typhi in settings with a high burden of
infectious disease,2,31 but empirical demonstrations of this
relationship have been lacking. However, the association
www.thelancet.com/microbe Vol 5 March 2024
between ciprofloxacin use and resistance in Enter-
obacteriaceae in high-income countries, in hospitals and
communities, has been well documented.28,32–38 Studies that
showed that fluoroquinolone stewardship interventions
reduced either the incidence or the rate of increase of
fluoroquinolone resistance suggest that this is a causal
association in some circumstances.30,34 Our study contrib-
utes to this evidence base by showing an association
between prescribed antibiotics and proportion of S Typhi
isolates with QRDR mutations in a community setting in
sub-Saharan Africa, where there are few existing studies.21

If the association we have described is causal, it has
important policy implications. Only around 1% of febrile
e232
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patients in Blantyre have typhoid fever.14,39 Consequently,
most ciprofloxacin courses inour studywerenot for typhoid-
caused fevers. Twokeynicheswere likely to increaseSTyphi
exposure to ciprofloxacin. The first such niche is chronic or
asymptomatic carriers treated for non-typhoidal fevers. The
seroincidence of S Typhi in Blantyre suggests that up to
43 times more people have asymptomatic or subclinical
infections than those with blood-culture-detected typhoid
fever.14 Furthermore, it is estimated that around 0⋅15–0⋅7%
of the population in endemic regions are chronic carriers
of S Typhi.40 These rates represent a high burden of
asymptomatic, subclinical, or chronic infections, which
could be evolving in response to ciprofloxacin given because
of fever induced by a different cause. Environmental factors,
such as water sources, represent a second niche for cipro-
floxacin exposure. However, we suspect that there would be
a longer delay between ciprofloxacin use and resistance
emergence from this indirect exposure than our study
indicated. A precise point-of-care diagnostic for typhoid
fever could lower ciprofloxacin use in Malawi by ensuring
that it is used only for S Typhi-related fevers. We urge the
development and introduction of enhanced diagnostics in
high-incidence areas to refine antibiotic use, potentially
mitigating the emergence of resistance.
Ultimately, reducing the burden of disease through sys-

temic measures such as the introduction of efficacious
vaccines (eg, typhoid conjugate vaccines [TCVs]) into high-
burden settings and water, sanitation, and hygiene
(WASH) interventions are likely to be the most compre-
hensive solutions to preventing the emergence of DCS
S Typhi.39 Indeed, TCVswere introduced into Zimbabwe in
response to an outbreak of typhoid there in 2018 that
included a large proportion of ciprofloxacin non-susceptible
isolates.12,13 Of note, Malawi also conducted a national
campaign and introduced TCVs in May, 2023, for all chil-
dren aged 9months to 15 years, and it is hoped that ongoing
surveillance will show whether these measures help to
reduce the future burden of AMR among S Typhi.
In conclusion, we have shown an association between ris-

ing empirical ciprofloxacin prescriptions and the proportion
of S Typhi isolates with QRDR mutations in the following
month. If this association is causal, which we believe is
probable, then it highlights the speed with which bacterial
populations can respond to changes in drug pressure. In our
setting, where only around 1% of febrile patients have
culture-positive typhoid fever, improved diagnostics would
help to reduce ciprofloxacin prescriptions and prevent
resistance from emerging, while effective vaccination and
improvedWASHinterventions could also reduce the burden
of disease and this driver of empirical antibiotic prescribing.
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