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Objectives: Non-typhoidal Salmonella (NTS) commonly causes a self-limiting illness but invasive disease (iNTS)
can be life-threatening. Antimicrobial resistance (AMR) increases the risk of mortality. This systematic review
aimed to estimate the proportion of NTS isolated in those attending healthcare services, serovar burden,
AMR, serovar-specific AMR, and case fatality rate (CFR) in India, Bangladesh, Sri Lanka and Vietnam.

Methods: The review included quantitative studies on NTS and AMR from 1980 to 2020 but excluded studies unre-
lated to humans or selected countries. Data were extracted from articles identified from Ovid SP, Web of Science,
Wiley Cochrane Library, Elsevier Scopus and WHO Global Index Medicus. The Joanna Briggs Institute Critical
Appraisal Tools Checklist for Prevalence Studies was used for risk-of-bias assessment. Meta-analyses were performed
for the proportion of NTS isolated, the proportion of specific serovars isolated, percentage of AMR and CFR.

Results: Six thousand and twenty-six isolates (79 serovars) were identified from 73 studies, with Salmonella en-
terica serovar Typhimurium being the most common. Of the 73 selected studies, 46% were hospital/laboratory
surveillance studies, examining the aetiology of invasive or non-invasive infections. The pooled proportion esti-
mate for non-iNTS was 2.1% (95% CI: 1.2%-3.2%) and for iNTS was 0.3% (95% CI: 0.1%-0.5%). The pooled CFR
was 14.9% (95% CI: 4.0%-29.6%). Pooled resistance estimates for ampicillin, ceftriaxone, chloramphenicol, ci-
profloxacin, co-trimoxazole, nalidixic acid and azithromycin were calculated. MDR iNTS was less prevalent in
India [22.3% (95% CI: 0.0%-66.8%)] than in Vietnam [41.2% (95% CI: 33.6%-49.3%)]. Heterogeneity of studies
was high as the majority were observational surveillance studies.

Conclusions: Despite data scarcity in some countries, this review highlights the continued contribution of NTS
infection to disease burden, compounded by high AMR rates.

Introduction (DALYs) and an estimated 1.5 million deaths. The main food-

Diarrhoeal disease is a significant health burden worldwide, caus-  borne aetiological agents of diarrhoeal disease are non-typhoidal
ing approximately 80.9 million disability-adjusted life years Salmonella (NTS), Escherichia coli, Campylobacter, Staphylococcus
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aureus and norovirus.”> NTS infections usually present as self-
limiting diarrhoeal illness, although dehydration in the elderly
and children can be life-threatening. In about 5% of cases, NTS
can escape the gastrointestinal tract and cases/patients develop
bacteraemia or invasive infection.*> Invasive NTS (iNTS) is often
associated with severe life-threatening complications such as
sepsis, osteomyelitis, pneumonia, encephalopathy and acute kid-
ney injury.® Mortality and morbidity rates of iNTS are higher
among infants, older adults and immunocompromised indivi-
duals.” The Institute for Health Metrics and Evaluation (IHME)
2017 study estimated the iNTS case fatality rate (CFR) at 14.5%
(95% CI: 9.2%-21.1%), with an age-standardized incidence of
7.5 (95% CI: 5.7-10.0) cases per 100000 person-years (PY).2
These 2017 Global Burden of Disease (GBD) estimates are slightly
lower than the 2005 estimates of 15.64 (95% CI: 9.9-22.4) CFR
and incidence of 10.7 (95% CI: 8.5-13.6) cases per 100000 PY.2
The GBD 2017 incidence was estimated at 2.7 (95% CI: 2.0-3.5)
per 100000 PY in South Asia and 1.2 (95% CI: 0.9-1.6) in
Southeast Asia, East Asia and Oceania.® In South Asig, it was
higher in Bangladesh [4.2 (95% CI: 3.0-5.9)] than in India [2.2
(95% CI: 1.7-2.8)] and Sri Lanka [1.4 (95% CI: 1.0-1.8)].% iNTS in-
fections are linked to clinical complications and have a high CFR
because they are frequently underreported or not surveyed.
There is a scarcity of effective surveillance and antimicrobial re-
sistance (AMR) data on NTS from developing countries in Asiq, re-
sulting in underreporting of the burden.®?

Salmonellae are Gram-negative bacteria within the family
Enterobacteriaceae. The genus has two species: Salmonella bongori
and Salmonella enterica.”*°™*? Over 2610 different serovars'® have
been identified to date, with S. enterica subsp. enterica accounting
for 99% of serovars responsible for human and animal infections.**
S. enterica serovar Typhi, the aetiological agent of typhoid fever, re-
mains one of the most important serovars, with 26.9 million cases
attributed to it in 2010.'® The most common serovars of NTS iso-
lated from non-invasive and invasive infections in humans are
S. enterica subsp. enterica Typhimurium and S. enterica subsp. en-
terica Enteritidis.*"*® Serovars such as Typhimurium, Dublin and
Choleraesuis tend to have more potential to cause extraintestinal
infections than others.” As the Kaufman-White scheme has not
been updated since 2007, traditional serotyping is often replaced
by MLST.

Cases of NTS are usually self-limiting; however, invasive disease
in elderly and immunocompromised people can be life-threatening
and may be treated with antibiotics such as ciprofloxacin, azithro-
mycin and ceftriaxone.'” Indiscriminate antibiotic use for growth
promotion, prophylaxis and metaphylaxis among farm animals
has been suggested to play an important role in zoonotic transmis-
sion of AMR to humans from animal sources.'®*° Zoonotic trans-
mission of NTS is associated with consumption of poultry, beef
and pork meat, eggs, milk, cheese, fish and shellfish contaminated
at various stages of food production.?®?* Contact with farm ani-
mals, pets and reptiles is also associated with human infection.?%%3
AMR is common in iINTS and the resistance pattern varies with dif-
ferent serovars. S. Typhimurium isolates have been shown to pos-
sess AMR-associated genes linked to ampicillin, chloramphenicol,
streptomycin, sulphonamide and tetracycline resistance.”* MDR S.
Typhimurium has been associated with a higher risk of invasive in-
fection, higher frequency and longer duration of hospitalization, as
well as illness, and increased mortality compared with infections

caused by susceptible strains.”® Increasing resistance to oral anti-
microbials such as ciprofloxacin, resulting in treatment failures,
also heralds the need to bridge the AMR information gap, especially
in Southeast Asia where the disease burden is high.**

This study was part of the UKRI Global Challenges Research
Fund (GCRF) One Health Poultry Hub, an impact-driven development
research programme working in Bangladesh, Indig, Sri Lanka and
Vietnam (www.onehealthpoultry.org/). This systematic review was
undertaken to provide an update on information on NTS infections,
including AMR, irrespective of age in Bangladesh, India, Sri Lanka
and Vietnam. The data will be used to put into context NTS isolated
during the surveillance phase of the hub and provide cross-country
comparisons. This study also aimed to understand the quantity and
quality of studies within the selected countries.

Materials and methods

Protocol and objectives

In the present study we sought to address the following questions: what
is the proportion of NTS isolated in humans attending healthcare services
for diarrhoeq, the proportion of different serovars isolated and mortality
associated with NTS serovars in the different populations; and what is
the occurrence of MDR serovars of NTS? We developed a protocol a priori
in accordance with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) to document the search process.?® As this
involved analysis of published data, it did not require the approval of
the institutional review board.

Search strategy and selection criteria

References for this systematic review were identified through searches of
the bibliographic databases Ovid SP MEDLINE ALL, Ovid SP Embase, Ovid
SP Global Health, Web of Science Core Collection (SCI-Expanded, SSCI,
A&HCI, CPCI-S, CPCI-SSH, ESCI), Wiley Cochrane Library, Elsevier Scopus
and WHO Global Index Medicus (limited to results from WPRIM and
IMSEAR). The search was run by one author (J.F.) on 18 December 2020
toidentify publications. The search was limited to papers using human sub-
jects and published from 1980 to the date of the search. Complete search
strategies for all databases are available (Table S1, available as
Supplementary data at JAC-AMR Online). The search was narrowed
down to the four countries (Bangladesh, India, Sri Lanka and Vietnam)
where the GCRF One Health Poultry Hub is conducting research exploring
the link between poultry production and disease. Only papers published
in English were reviewed.

Study selection

NTS studies that included population-based surveillance, hospital surveil-
lance, laboratory surveillance, sentinel site surveillance, clinical trials, co-
hort studies, case-control studies, cross-sectional studies, case series and
case reports were considered for inclusion. The inclusion criteria were:
(i) NTS-related studies ranging from 1980 onwards; (i) quantitative-
based studies; (iii) AMR-related studies; (iv) source-attribution studies;
and (v) the source of isolates was within Southeast Asia. The exclusion
criteria were: (i) anything related to typhoid fever; (i) studies with no re-
lation to humans; (iii) studies of infections not linked to Bangladesh, India,
Sri Lanka or Vietnam.

Text files for each database search result were downloaded and im-
ported into Endnote. After removing duplicates from the combined refer-
ence list, for each reference teams of three authors screened the titles
and abstracts first, then the selected full text in parallel for inclusion
(L.O’N.,B.L.,, C.K, M.H.,, T.S., A.C,, T.T.M.H., S.S.). Data were then abstracted
by two authors (C.K., L.O’N.), compiled into an Excel sheet, checked and
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analysed by a third author (R.R.). Co-authors (R.S., P.M., P.N.D.) were con-
sulted to resolve discrepancies through discussion and to review the final
dataset for completeness and accuracy. Risk-of-bias (ROB) assessment
was performed (C.K., R.R.) for all selected studies except case series and
case reports.?’

Data abstraction and analysis

For estimation of the proportion of NTS isolated and the proportion of spe-
cific serovars isolated, the study characteristics extracted included study
country, location, study design, year the study was conducted, sampling
frame, sample size, age group, male:female ratio, source of biological
sample, number of biological samples tested, number of NTS isolated,
number of specific serovars isolated, laboratory methods used in the
study for identification of NTS, and the standard used for the antibiotic
susceptibility test. ST data were extracted whenever they were reported.
For the estimation of the percentage of AMR, the number of serovar-
specific isolates that were found to be resistant to specific antimicrobial
agents (where available) was extracted for each study. The number of
deaths reported from each study were also collected for the estimation
of CFR. For the proportion of NTS isolated, the proportion of specific sero-
vars isolated, and the percentage of AMR and CFR, meta-analysis was per-
formed where there was a minimum of two studies (case reports and
case series were excluded for meta-analysis). Evaluation of the hetero-
geneity of studies was assessed using the random-effects model in
STATA 17.

ROB

All studies, other than case reports and case series, were critically as-
sessed using the Joanna Briggs Institute Critical Appraisal Tools
Checklist for Prevalence Studies.?’ The domains assessed included the
appropriateness of the sampling frame, appropriateness of sampling of
the study participants, adequateness of sample size, description of the
study subjects and study setting, coverage of the identified samples dur-
ing data analysis, validity of the methods used for identification of the
condition, reliability of the measurement of the condition, appropriate-
ness of the statistical analysis and adequateness of the response rate.

Results
Study selection

Our search strategy identified 13936 articles to be screened
(Figure 1).%®?® After removing 6118 duplicates, we screened
7803 titles and abstracts for inclusion. Of these, 6086 were ex-
cluded and 1717 were sought for retrieval and assessed for eligibil-
ity. We excluded 1644 articles after reviewing the full text; the most
common reasons for exclusion were country other than the se-
lected ones (747) and not being about NTS (370). Finally, 73 articles
published between 1980 and 2020 from the four countries were eli-
gible for analysis (Figure 1, Table S2).

Study characteristics and quality assessment

Most studies were from India (57/73; 78%) followed by Vietnam
(9/73; 12%), Bangladesh (5/73; 7%) and Sri Lanka (2/73; 3%)
(Table S2). As only 10 studies were conducted between 1980
and 1999, all of which were from Indiq, only data from 2000-
20 were pooled. The most common study type (34/73; 46%)
was hospital/laboratory surveillance. These studies either exam-
ined the aetiology of diarrheal disease (31 studies), invasive dis-
ease (25 studies) or both (17 studies). Whichever studies used
both invasive and non-invasive biological samples were

considered under invasive disease during analysis. There were
44 prevalence studies (Table S3), 22 case reports and 7 case ser-
ies. The ROB assessments of the 44 prevalence studies are sum-
marized in Table S4.

Proportion of NTS isolated by culture

The pooled estimate of the proportion?®° of non-invasive NTS

isolated in those attending healthcare services for diarrhoea in
India, Vietnam and Bangladesh combined was 2.1% (95% CI:
1.2%-3.2%) (from 10 studies)*'™ (Figure 2), whereas for iNTS
from invasive infection it was 0.3% (95% CI: 0.1%-0.5%) (5 stud-
ies)*1™*3 (Figure 2). However, the heterogeneity between studies
was very high (I?=99%) (Figure 2). The majority of studies
were from India, from which the overall proportion of
non-invasive NTS isolated was 1.4% (95% CI: 0.6%-2.6%)
(7 studies)®134363740 qnd the proportion of iNTS was 0.4%
(95% CI: 0.0%-1.3%) (3 studies).****3

Proportion of specific serovars identified

Fifty-eight studies identified NTS and described serotyping data,
from which 79 different serovars were identified from 6026 isolates
(Table S5). The majority (1865/2024; 92.1%) of isolates from
Bangladesh were only reported to O-antigen group level and the
most common were Group C1 (693/2024; 34.24%), Group B (533/
2024; 26.33%) and Group C2 (254/2024; 12.55%) (Figure 3,
Table S5). Only four serovars were isolated in all four countries:
S. enterica serovar Enteritidis, S. enterica serovar Paratyphi B var
Java, S. Typhimurium and S. enterica serovar Weltevreden
(Figure 3, Table S5). The serovar associated with the highest pooled
frequency of isolation in non-invasive disease was S. Typhimuriumiin
India [26.7% (95% CI: 18.7%-35.5%)]>*3%374044746 gnd Vietnam
[33.2% (95% CI: 19.5%-48.5%)].18%%’ In India the second most
common serovar was S. enterica serovar Worthington [18.1%
(95% CI: 3.5%-40.1%)],>>3%*> which was rare in Vietnam [0.5%
(95% CI: 0.0%-2.0%)]. The second most common serovar
in Vietham was S. Weltevreden [11.1% (95% CI: 4.1%-
20.6%)],'83847 which was also common in India [5.8% (95% CI:
2.9%-9.5%)] 332436:40444548  Another frequent NTS serovar in
both countries was S. Enteritidis [India 5.9% (95% CI: 2.1%-
11.1%);>3343644% Vietnam 4.7% (95% CI: 1.8%-8.8%)].'%%*7
The pooled estimates of the most common invasive disease sero-
vars were only calculable for India with S. Typhimurium [52.4%
(95% CI: 15.8%-87.8%)]****>! and S. Enteritidis [14.9% (95% CI:
7.7%-23.8%)]“®>! being the most prevalent serovars. Only one
study reported invasive isolates from Vietnam and hence pooled es-
timates could not be determined.

MLST data were available for 958 isolates across all studies.
Although only two studies from Vietnam included MLST data, these
two studies contributed ST data for 809 isolates (Table S6), com-
pared with 101 isolates from India, 40 from Sri Lanka and 8 from
Bangladesh.'®33384* Even though 98 different STs were reported
across all studies, only ST11 (linked to S. Enteritidis) was present in
all four countries (113/958 isolates; 11.8%). Four STs linked to
S. Typhimurium were identified in the studies: ST19 [60/809
(7.4%) Vietnam; 8/101 (8.0%) Indial; ST34 [181/809 (20.3%)
Vietnam]; ST313 [1/809 (0.1%) Vietnam; 2/101 (2.0%) India]; and
ST36 [32/809 (4.0%) Vietnam; 1/40 (2.5%) Sri Lanka; 22/101
(22%) Indial. None of the eight Bangladesh isolates with MLST
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Figure 1. PRISMA 2020 flow diagram.

datahad an ST linked to S. Typhimurium. The next most common ST
was ST365, linked to S. Weltevreden [68/809 (8.4%) Vietnam; 1/40
(2.5%) SriLanka; 6/101 (6%) India], followed by ST29 linked to S. en-
terica serovar Stanley [73/809 (9.0%) Vietnam; 1/40 (2.5%) Sri
Lankal.

AMR

Pooled estimates of resistance for seven antibiotics, including the
first-line drugs of choice for iNTS (ciprofloxacin, ceftriaxone and
azithromycin), were only possible for India and Vietnam (Table 1).
The pooled estimate of the proportion of non-invasive NTS isolates
resistant to ciprofloxacin was 9.8% (95% CI: 0.5%-25.0%) (7 stud-
ieg)?3:3436:37.404446 i Indiq, which was higher than the 4.1%
(95% CI: 2.4%-6.2%) (4 studies) in Vietnam'&3%>253 (Figure S1).
However, for iNTS infection the pooled estimate of resistance to
ciprofloxacin in India was 0.0% (95% CI: 0.0%-1.7%)

(4 studies),>%49°1>* compared with 41.1% (95% CI: 34.1%-
48.3%) in Vietnam (2 studies)'®** (Figure S1). The pooled propor-
tion of non-invasive NTS isolates resistant to ceftriaxone in India
was 9.9% (95% CI: 0.0%-43.7%) (6 studies),®*364046>455 glightly
higher than the 6.6% (95% CI: 1.1%-15.8%) (3 studies) in
Vietnam*®2%>3 (Figure S2). For iNTS, it was 0.6% (95% CI: 0.0%-
15.9%) (5 studies)>®4®49>15% in India, which was lower than the
2.4% (95% CI: 0.5%-5.4%) (2 studies) in Vietnam'®>? (Figure S2).
The pooled proportion of non-invasive NTS isolates resistant
to azithromycin was 16.1% (95% CI: 0.0%-55.6%) (5 stud-
ies)?33440:46.55 in India (Figure S3) and 18.0% (95% CI: 14.7%-
21.8%) in Vietnam (1 study).*® Again, the pooled proportion of
iNTS isolates resistant to azithromycin was much lower for non-
invasive NTS at 0.0% (95% CI: 0.0%-32.4%) in India (1 study).*®
No data were available for Vietnam (Table 1). MDR, as defined by
publication-defined criteria, was estimated to be lower in India
in  non-invasive isolates [30.2% (95% CI: 2.1%-68.2%)
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Total
Study No.of  No. of

Study Country Period Samples NTS Proportion (95% Cl)

Invasive

Gogate; 1984 India 1980-1983 663 21 |- 32(21,48)

Nga;2012 Vietnam 1993-2008 66111 193 ® 0.3(0.3,0.3)

Khan;2010 India 2003-2004 4342 1 0.0(0.0,0.1)

Shahunja;2015 Bangladesh 2009-2013 12940 20 ® 0.2 (0.1,0.2)

Patra;2018 India 20122016 78238 40 0.1(0.0,0.1)

Subtotal (12 = 88.0%, p = 0.0) 0.3(0.1,0.5)

Non-invasive

Ananthakrishnan; 1991 India 1985-1990 1807 150 - 8.3(7.1,9.7)

Leung;2013 Bangladesh 1996-2011 37129 468 m 1.3(1.2,1.4)

Niyogi;2000 India 1997-1999 2995 16 B 0.5(0.3,0.9)

Jain; 2020 India 2000-2016 9957 97 m 1.0(0.8,1.2)

Taneja;2014 India 2002-2010 7813 64 m 0.8 (0.6, 1.0)

Ahmed;2014 Bangladesh 2005-2013 128312 1490 m 1.2(1.1,1.2)

Sharma; 2020 India 2011-2017 8757 81 m 0.8(0.7,1.1)

Uppal:2015 India 2012-2014 6527 6 ® 0.1(0.0,0.2)

Duong;2020 Vietnam 2014-2016 3166 478 15.1(13.9, 16.4)

Bangera;2018 India 20152016 1218 33 |m 27(1.9,38)

Subtotal (1"2 = 88.4%, p = 0.0) 0 21(1.2,32)

T T
0 50 100
Percentage
Figure 2. Isolation rate of NTS in India, Vietnam and Bangladesh.

Rank 1 2 3 4 6 7 8 9 10
India 5. Typhimurium | S. Weltevreden S. Bareilly S. Newport | S. Enteritidis S. Cholerasuis S. Kentucky S. Lidenberg
(3097] (898,29.0%) | (322,10.4%) (255,8.2%) | (151,4.9%) | (145,4.7%) (61, 2.0%) (46, 1.5%) (46, 1.5%)
Vietnam 5. Typhimurium | 5. Enteritidis | S. Weltevreden |  S. Stanley S. Newport S. Rissen S. Java S. Cholerasuis S. Kentucky
(863) m,ﬂ.?%l (93, 10.8%) (80, 9.3%) (75, 8.7%) (42, 4.9%) (20, 2.3%) (16, 1.9%) (15, 1.7%) (12, 1.4%)
Bangladesh Group C1 Group B Group C2 Group E Group D Group G S'Nphlirmrlllm S. Java S. Enteritidis S. Kentucky
(2024) (693, 34.2%) (533, 26.3%) (254, 12.6%) (186, 9.2%) (119, 5.9%) (79, 3.9%) (21, 1.0%) (16, 0.8%) (6, 0.3%) (6, 0.3%)
Sri Lanka S. Enteritidis S. Java S. Weltevreden S. Chester S. Typhimurium S. Stanley S. Mbandaka
(42) (21, 50.0%) (4, 9.5%) (4, 9.5%) (3,7.1%) (1, 2.4%) (1, 2.4%) (1, 2.4%)

Figure 3. Most frequent serovars isolated by country. Combined invasive and non-invasive NTS isolates. Presented as serovar (number of isolates, per-
centage of isolates from that country). S. Java, S. Paratyphi B var Java. Group C1 includes S. enterica serovar Rissen, S. enterica serovar Mbandaka and
others; Group B includes S. Typhimurium, S. enterica serovar Derby and others; Group C2 includes S. enterica serovar Newport, S. enterica serovar
Manhattan and others), Group E includes S. enterica serovar Liverpool, S. enterica serovar Senftenberg and others); Group D includes S. Enteritidis,
S. Dublin and others); Group G includes S. Worthington, S. enterica serovar Agbeni and others.

(5 studies)]**>*+*+46:>% compared with Vietnam [41.9% (95% CI:
21.1%-64.3%) (3 studies)].'®*%°2 In iNTS, the pooled proportion
of MDR dropped slightly in India [22.3% (95% CI: 0.0%-66.8%) (3
studies)]“®>*°> but remained high in Vietnam [41.2% (95% CI:
33.6%-49.3%) (1 study)].'® Analysis of serovar-specific pooled
AMR pattern estimation was not possible due to too few isolates
for which serovar-specific AMR data were available. However, study

data indicated that the reported proportion of resistant isolates
was higher than the pooled estimates in S. Worthington for ceftri-
axone, azithromycin and ampicillin (Figures S2-S4), in S. enterica
serovar Kentucky for ampicillin, co-trimoxazole and nalidixic acid
(Figures S4 and S6-S7), in S. Typhimurium for ampicillin
(Figure S4) and in S. enterica serovar Agona for ceftriaxone, ampicil-
lin and chloramphenicol (Figures S2 and S4-S5).
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Table 1. Summary of AMR from the review

Non-invasive NTS, % (95% CI)

iNTS, % (95% CI)

Antibiotic
India Vietnam India Vietnam
Ampicillin 26.7 (11.3-44.9) 51 0 (31.8-70.0) 6 (0.0-15.9) 7O 2 (63.4-76.6)
Ceftriaxone 9.9 (0.0-43.7) 6 (1.1-15.8) 6 (0.0-15.9) 4 (0.5-5.4)
Chloramphenicol O 33 4 (16.7-52.2) 4 (0.0-20.8) 46 0(38.9-53.2)
Ciprofloxacin 8 (0.5-25.0) 1(2.4-6.2) 0 (0.0-1.7) 41.1 (34.1-48.3)
Co-trimoxazole 2 (3.6-16.2) 34 0 (30.5-37.7) 0 (0.0-1.9) 39.2 (31.7-47.2)
Nalidixic acid 73 1(54.3-89.1) 33.5 (19.4-49.0) 61 O (38.2-82.2) 51.2 (36.5-65.7)
Azithromycin 16.1 (0.0-55.6) 18.0 (14.7-21.8) 0 (0.0-32.4) —
MDR 30.2 (2.1-68.2) 41.9 (21.1-64.3) 22 3 (0.0-66.8) 41.2 (33.6-49.3)
Study

Study Country Period Source Cases Deaths Proportion (95% CI)

NA :

Ananthakrishnan; 1991 India 1985-1990 NA 150 12 -l—: 8.0(46, 13.5)

Invasive :

Chaudhary; 1986 India 1986 CSF 3 1 : 33.3(6.1,79.2)

Udani; 1999 India 1996 CSF 8 4 e — ————— 50.0 (21.5, 78.5)

Phu;2016 Vietnam 2008-2013 Invasive 92 26 : — 28.3(20.1,38.2)

Shahunja;2015 Bangladesh 2009-2013 Blood 20 5 -‘I—i— 25.0 (11.2, 46.9)

Harichandran;2017 India 2011-2013 Blood and Stool 12 1 —I—E— 8.3(1.5 35.4)

Patra;2018 India 2012-2016 Blood 40 ] —*‘—‘ 15.0 (7.1, 29.1)

Subtotal (1"2 = 27.8%, p = 0.2) < 21.9(13.3, 31.8)

Non-invasive E

Leung:2013 Bangladesh 1996-2011 Stool 468 2 o : 0.4(0.1,1.5)

Chowdhury;2013 India 2012 Stool 14 2 —-I— 14.3 (4.0, 39.9)

Khoshoo; 1990 India NA Stool 1" 2 —;—l— 18.2 (5.1, 47.7)

Subtotal ("2 =%, p=.) L 6.5 (0.0, 30.4)

Heterogeneity between groups: p = 0.002 :

Overall (1"2 =82.5%, p=0.0); <:E> 14.9 (4.0, 29.6)

! T T
0 50 100

Percentage

Figure 4. CFR in India, Vietnam and Bangladesh.

CFR

The pooled CFR for invasive and non-invasive NTS from studies in
India and Bangladesh was 14.9% (95% CI: 4.0%-29.6%) (10
studies)??-31:39:46:56-60 (Figyre 4). Country-specific pooled CFRs
were not computed due to fewer studies reporting mortality
from Vietnam, Bangladesh and Sri Lanka. The CFR for invasive dis-
ease was 21.9% (95% CI: 13.3%-31.8%) and for non-invasive dis-
ease it was 6.5% (95% CI: 0.0%-30.4%) (Figure 4). The details of
the studies included in the calculation of CFR are summarized in
Table S7.

Discussion

Understanding the burden of NTS infection and AMR-associated
patterns within a country, or even smaller geographical regions,

is vital in guiding local clinicians to provide rapid and appropriate
care to reduce mortality and morbidity. While there are many
studies within global North countries, data are scarce in countries
with a high burden of disease. In this review we aimed to provide
an update on previous studies, including a deep dive into the data
available in the four global South countries that are part of the
One Health Poultry Hub. The search of the public databases iden-
tified 73 articles suitable for analysis, but these were heavily
biased towards India. While Vietnam only provided 12% of the
studies, these were rich with molecular data. This demonstrates
the urgent need for more rigorous studies, particularly in
Bangladesh and Sri Lanka, to understand the local disease
burden.

Only 14 hospital-based surveillance studies and one community-
based surveillance study provided disease burden figures, from
which the proportion of NTS isolated was estimated to be 2.1%
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(95% CI: 1.2%-3.2%) for non-invasive NTS and 0.3% (95% CI: 0.1%-
0.5%) for iNTS; however, high heterogeneity was observed between
these studies. Our systematic review found only one community-
based surveillance study from these regions and hence we could
not estimate the incidence. Hospital-based surveillance provides
a higher rate of infection and AMR than would be occurring in the
community, underscoring the need to undertake routine community-
based surveillance.®

Estimates in this review were lower than the proportion of NTS
isolated (<5.3%) in the Global Enteric Multicentre Study (GEMS),
which was conducted only among <5-year-old children in Africa
and Asia between 2007 and 2010.%° In low- and middle-income
countries (LMICs), the highest burden is among children, with low
rates anticipated throughout adulthood.*® The lack of age-specific
data from the studies included in this review meant it was not pos-
sible to determine the age-specific pattern in these countries and
resulted in a lower overall estimate.

Serotyping has multiple functions, including linkage of pathogen
lineages to antibiotic resistance patterns or virulence, which may
affect the severity of illness, and can guide healthcare professionals
in choosing appropriate therapeutic strategies. The studies identi-
fled 79 serovars; however, data from Bangladesh were mainly
only reported to O-antigen level, making comparison difficult and
demonstrating the usefulness of a globally accepted method®?
that can be used to understand the global context of NTS in a coun-
try. S. Typhimurium is a leading cause of gastroenteritis in humans
worldwide, so it was unsurprising that over 20% of isolates in the
study countries belonged to this serovar and that it was the most
common serovar in non-invasive NTS. S. Weltevreden was the se-
cond most common serovar in non-invasive NTS in Vietnam. This
serovar is often isolated from fish and aquatic samples®* and po-
tentially seafood-based pig feed.®* The predominance of this sero-
var in Vietnam could be due to differences in diet between the
countries. For example, pork consumption in 2021 was estimated
at 27.3 kg/capita/year in Vietnam but only 0.23 kg/capita/year in
India.®> Additionally, per capita consumption of crustaceans was
higher in Vietnam in 2021 than in India (5.25 versus 0.4 kg/capi-
talyear, respectively).®> Egg consumption is common in all four
countries (in 2021, consumption was estimated at 3.92 kg/capi-
ta/year in Bangladesh, 4.11 in Indig, 4.12 in Sri Lanka and 3.59 in
Vietnam)®> and egg contamination by S. Enteritidis is one of the
most important causes of foodborne gastroenteritis in humans
throughout the world so the detection of this serotype in all study
countries was expected.

Molecular data defining NTS are still rare from the study coun-
tries. Although India provided most studies and isolates, Vietnam
provided the majority of the MLST data. The public MLST database
(accessed 28 September 2023; 21226 isolates)®® is dominated by
isolates from the UK (1589 submissions with country data),
Australia (1382), China (687), Brazil (353) and the USA (344) and
may not be representative of the actual disease burden in the study
countries. In the MLST database,®® S. Enteritidis was the most com-
monly submitted NTS serovar (4049 isolates; 19.1%), followed by
S. Typhimurium (2300; 10.8%), S. Agona (228; 1.4%), S. enterica ser-
ovar Montevideo (216; 1.0%), S. enterica serovar Bareilly (194,
0.9%) and S. enterica serovar Heidelburg (150; 0.7%). In our study,
the most common STs in Vietham were STs linked to
S. Typhimurium (274/809 isolates; 33.9%) followed by
S. Enteritidis (81/809; 10%). S. Agona (ST13) was rarely found

(4; 0.5%). The most common S. Montevideo STs (ST316, ST138,
ST81, ST4, ST195) were absent from all study countries. S. Bareilly
(primarily ST909 and ST203) was present in 13 isolates (13/958;
1.3%) from all four countries. S. enterica serovar Heidelburg
(ST15) was absent from all study countries. Instead, the next
most common STs were linked to S. Stanley (ST29: 74/958; 7.7%)
and S. Weltevreden (ST365: 75/958; 7.8%), which are present in
the MLST database in 0.2% and 0.4% of isolates, respectively.
This may suggest that while S. Typhimurium and S. Enteritidis are
prominent globally, the frequency of other NTS in this review may
reflect local food consumption patterns, for instance the high
pork consumption in Vietnam compared with high levels of vege-
tarianism in India.®®

S. Typhimurium in the MLST database represent at least six STs,
ST19 being the most common (58.8%) followed by ST34 (14.9%),
ST313 (14.5%) and ST36 (2.2%). Across the study countries, ST34
was the most common (181/311; 58.2%) followed by ST19 (68;
21.9%), ST36 (55; 17.7%) and ST313 (3; 1.0%). ST34 is linked to
a monophasic clone, which has rapidly disseminated globally
and is known to be resistant to many antimicrobials, partly due
to carrying the mobile colistin resistance (mcr) gene.®” ST34 var-
iants from Vietnam have been reported to be associated with in-
vasive disease among immunocompromised individuals.”® The
high incidence and spread of this clone may be being facilitated
by the overuse of antimicrobials within these countries. A single
ST313 from Vietnam and two from India were identified; the
low prevalence can be explained as ST313 strains are commonly
associated with bloodstream infections in Africa and rarely seen
outside that continent.®%®

Although non-invasive NTS disease is usually self-limiting and
should not be treated with antibiotics, a high level of resistance
was detected to all seven antibiotics analysed in non-invasive
NTS. High levels of resistance to antibiotics that have been on
the market for a long time, such as ampicillin and nalidixic acid,
were demonstrated, which restricts the use of these antibiotics.
Nalidixic acid is a narrow-spectrum fluoroquinolone antibiotic in-
troduced in 1962 and used against enteric bacteria causing un-
complicated urinary tract infections (UTIs). While the level of
nalidixic acid resistance was slightly lower in iNTS compared
with non-invasive NTS in India (61% versus 73%), in Vietnam
the level of resistance increased from 33% to 51% in iNTS. In
this review, ampicillin resistance similarly increased in Vietnam
between non-invasive NTS and iNTS but appears to be reduced
to low levels in India. The majority of the Indian iNTS data in
this review come from three papers. These do, however, indicate
that some serovars may have increased resistance.

Third-generation cephalosporins and fluroguinolones are the
first-line drugs for treating iNTS, yet non-invasive isolates had high
levels of resistance to these antibiotics. High levels of resistance to
azithromycin, an antibiotic used to treat many infections from gon-
orrhoea to mass drug administration (MDA) to children to reduce all-
cause childhood mortality,®®’? were described in India and
Vietnam, with roughly one in six NTS isolates being resistant.
While many of the articles examined were hospital based, which
may be responsible for increasing AMR burden estimates, NTS is
not normally considered nosocomial and we presume these are
mostly coommunity-acquired infections. However, when considering
iNTS, the studies in India reported a low occurrence of resistance to
azithromycin in iINTS isolates, suggesting azithromycin could be an
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effective alternative to first-line antibiotics. Ciprofloxacin and ceftri-
axone resistance rates were slightly lower, with approximately 1 in
10 non-invasive isolates being resistant in India and a lower rate in
Vietnam. The proportion of iNTS ciprofloxacin resistance in Vietnam
was 10-fold higher when compared with non-invasive isolates but
iNTS ceftriaxone resistance was lower than in non-invasive samples.
Phu et al.”® reported that the pooled prevalence of resistance to ci-
profloxacin, among NTS isolates from humans from two studies in
Vietnam, was 8% and was similar to non-invasive NTS from India
(9.2%) but twice the estimate in Vietnam (4.1%) in this study.”* In
Thailand, iNTS resistance to ciprofloxacin was previously reported
at 41% and this is similar (41.1%) to that reported from Vietnam
in this study.”*

This study estimated non-invasive NTS co-trimoxazole resist-
ance to be 9.2% in India, lower than that reported in Thailand
(59%).”* Phu et al.”® reported co-trimoxazole resistance to be
25% in Vietnam, slightly lower than our pooled estimates from
Vietnam (non-invasive: 34%; iNTS: 39.2%). In 2018, the EU re-
ported the proportions of human Salmonella isolates resistant
to sulphonamides to be 30.5%, to ampicillin 25.9% and to cipro-
floxacin 12.5%, which is comparable to our results from India.
Overall, the AMR burden associated with NTS isolates is greater
in Vietnam than that estimated from India in our review.

In Thailand, a 1 year study involving 10 hospitals and 166 pa-
tients identified MDR-NTS in 68.8% of patients, which is higher
than our estimates in India (non-invasive: 30.2%; iNTS: 22.3%)
and Vietnam (non-invasive: 41.9%; iNTS: 41.2%).”* Countrywide
data in the USA showed MDR was present only in 9.3% of human
NTS isolates in 2014, while it was 26% over 10 EU member states,
although very high prevalence was present in some countries.*®
Effective national antimicrobial surveillance programmes are es-
sential for halting the risk posed by AMR.”® Targeted interventions
can be planned by tracking AMR in both humans and animals.
Denmark has made it mandatory for veterinarians to report the
usage of medicines (via VetStat). Even though some countries
such as the USA and Japan collect the annual sales data of drugs
by class, it is of limited utility and is not a true surrogate for actual
antibiotic use in animals.”®’” Systematic efforts to collect epi-
demiological data relevant to monitoring AMR in Southeast
Asian regions is lacking, and existing data imply that AMR is a bur-
geoning and often neglected issue.””

The pooled CFR for invasive and non-invasive NTS in this review
[14.9% (95% CI: 4.0%-29.6%)] is similar to that reported by
Marchello et al.® in 2022 [14.7% (95% CI: 12.2%-17.3%)] and the
GBD (2019) estimate [14.5% (95% CI: 9.2%-21.1%)].% Given its ra-
pid onset and high CFR, it is likely that some deaths occur before the
patients reach any healthcare facility, particularly those from re-
mote regions in Asia.®

This study has several limitations. Firstly, resource limitations
restricted our ability to widen the search to include non-English
language papers. The majority of studies were from India, with
very few from Sri Lanka (2) and Bangladesh (5) making compari-
son across the countries difficult. There was a lack of serovar-
specific and molecular data from Sri Lanka and Bangladesh,
preventing provision of reliable estimates from these countries.
Some of the studies included had a high ROB, which would
have affected the results. Even though we sought to find evi-
dence on source attribution to poultry and the link between
poultry and humans, few studies addressed this and hence we

were not able to fulfil this objective. The scarcity of data did not
enable an investigation of how incidence and AMR patterns
may have changed over time. Finally, the studies included in
the review belonged to different geographical and clinical set-
tings and hence data were heterogeneous. Since the studies
were mostly based in hospital settings, were not designed to cal-
culate accurate prevalence and were retrospective, these esti-
mates might not be nationally representative as they would
have missed those cases that did not reach the hospital seeking
healthcare. In future, burden estimates from the community
would prove useful for provision of reliable estimates. For this,
in a resource-poor setting, the cost of community-based surveil-
lance could be reduced by conducting hybrid surveillance that
combines hospital-based surveillance with a yearly healthcare
utilization survey in the community.’®”?

A ‘One Health’ approach for the control of NTS should also be
implemented in the future, as the organism circulates between
humans, animals and the environment. The current lack of reliable
surveillance data to determine the true burden and AMR of NTS in
South Asian countries, should be tackled through the One Health
initiative for sustainable and cost-effective control of the disease.
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