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The geographical overlaps of malaria parasites and Salmonella spp. can lead to co-infection of

these two pathogens, especially in the tropics where malaria is endemic. Moreover, few literatures
suggested that malaria infection was associated with Salmonella bacteremia. Therefore, this study
quantified pooled prevalence of typhoidal/non-typhoidal Salmonella (NTS) and probability of
typhoidal/NTS and malaria co-infection among febrile patients. The systematic review protocol was
registered at PROSPERO (CRD42021252322). Studies on co-infection of typhoidal/NTS and malaria
were searched in PubMed, Scopus, and Web of Science. The risk of bias of the included studies was
assessed using the checklist for analytical cross-sectional studies developed by the Joanna Briggs
Institute. Meta-analyses on the following criteria were performed: (1) pooled prevalence of typhoidal/
NTS and malaria co-infection among febrile patients, (2) pooled prevalence of typhoidal/NTS among
malaria patients, (3) pooled prevalence of malaria infections among patients with Salmonella spp.
infection, and (4) probability of typhoidal/NTS and malaria co-infection among febrile patients.
Additionally, the case fatality rate and mean difference of malarial parasitemia between typhoidal/
NTS and malaria co-infection and Plasmodium monoinfection were also determined. The subgroup
analyses of typhoidal/NTS, regions (Africa and Asia), countries, time (publication year), characteristics
of participants, and diagnostic tests for identifying Salmonella spp. were also conducted. A sensitivity
test was performed to determine the robustness of the study outcomes. Publication bias among the
included studies was evaluated using the funnel plot and Egger’s test. All analyses were performed
using Stata version 15 (StataCorp LLC, Texas, USA) with a p-value <0.05 indicating statistical
significance. Eighty-one studies that met the eligibility criteria were included in the analyses. Of the
73,775 study participants, 4523 had typhoidal/NTS and malaria co-infections. The pooled prevalence
rates of typhoidal/NTS and malaria co-infection among febrile patients were 14% (95% confidence
interval [Cl], 9-19%; 12, 99.4%; 2971/17,720 cases) and 1% (95% Cl 1-1%; 12, 89.9%; 252/29,081 cases)
using the Widal test and culture methods for identifying Salmonella spp., respectively. The pooled
prevalence rates of typhoidal/NTS infection among patients with malaria were 31% (95% Cl 23-39%;
12, 99.5%; 3202/19,208 cases) and 3% (95% Cl 2-3%; |2, 86.8%; 407/40,426 cases) using the Widal test
and culture methods for identifying Salmonella spp., respectively. The pooled prevalence rates of
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malaria infection among patients with typhoidal/NTS were 17% (95% Cl 6-29%; 12, 33.3%; 13/75 cases)
and 43% (95% Cl 32-53%; 12, 89.1%; 287/736 cases), respectively. Malaria infection was associated
with typhoidal/NTS in children aged <15 years (p <0.0001; odds ratio, 0.36; 95% CI 0.23-0.58; I?,
73.9%; 3188/43,212 cases). The case fatality rate in patients with malaria and NTS co-infections was
16% (95% Cl 9-24%; 12, 89.1%; 18/103 cases). From the view of the present study, the inappropriate
use of the Widal test for Salmonella spp. diagnosis can overestimate the prevalence of typhoidal/
NTS and malaria co-infections. Malaria infection associated with typhoidal/NTS in children and the
high case fatality rates among few patients with co-infections were highlighted. Future prospective
longitudinal studies using the appropriate and confirmatory dsiagnosis for Salmonella spp. infections
are highly recommended to ensure the real prevalence of co-infection and highlight the outcome of
co-infection for providing adequate treatment in febrile patients who live in areas where malaria is
endemic, such as tropical Africa and India.

Malaria is a major public health problem in tropical and subtropical countries. The World Health Organization
(WHO) reported 229 million cases of malaria and 409,000 deaths in 2019'. Most of these cases (51% globally)
were found in Nigeria (27%), the Democratic Republic of the Congo (12%), Uganda (5%), Mozambique (4%),
and Niger (3%), whereas 51% of malaria deaths occurred in Nigeria (23%), the Democratic Republic of the
Congo (11%), the United Republic of Tanzania (5%), Mozambique (4%), Niger (4%), and Burkina Faso (4%)'.
Although the incidence of malaria declined from 2000 to 2019, its diagnosis among febrile patients in malaria-
endemic settings remains challenging; malaria and typhoid and non-typhoid fever are co-endemic and have
similar clinical signs and symptoms.

Salmonella species are Gram-negative bacilli members of Enterobacteriaceae and associated with human
infection®?. Salmonella is comprised of two major species, namely, Salmonella enterica and Salmonella bongori. S.
enterica are classified into six serotypes, which are differentiated based on their antigenicity®. Several Salmonella
enterica serotypes cause typhoid fever. S. typhi and S. paratyphi, collectively referred to as typhoidal Salmonella,
are the most common species that cause enteric fever (typhoid fever and paratyphoid fever). While both fevers
share clinical symptoms, paratyphoid fever tends to be more benign*®. Paratyphoid fever is most commonly
acquired by ingesting contaminated food or water®. Humans are key reservoir hosts for typhoidal Salmonella
and contribute to disease transmission and dissemination®. Typhoid fever is characterized by gastroenteritis and
presents with nonspecific clinical symptoms, such as high fever, fatigue, headache, malaise, abdominal pain,
nausea, vomiting, constipation, and diarrhea®°. These symptoms are indistinguishable from other causes of
fever, such as malaria®. The complications of typhoid fever include septicemia, meningitidis, and immunological
symptoms’. Typhoid fever may be mild or severe, and complications may contribute to typhoid-related deaths”*.
Non-typhoid fever is a febrile illness caused by non-typhoidal Salmonella (NTS), including S. enteritidis and S.
typhimurium®. NTS infections most often cause mild gastroenteritis, which is usually self-limiting’. Recently,
NTS infections have been associated with septicemia and high mortality rates in immunocompromised patients
in sub-Saharan Africa'.

The Salmonella infection rate is high in low- and middle-income countries with > 100 per 100,000 infected
people annually''2. Typhoid fever is an important cause of morbidity and mortality worldwide, with an estimated
16-33 million cases and 500,000 to 600,000 deaths annually"’. Typhoid is endemic in developing countries, espe-
cially Africa, whereas developed countries have a much lower incidence. The majority of patients in developed
countries are travelers returning from endemic areas'®. In developing countries, especially in Southeast Asia
and Africa, NTS is endemic and is a global burden, contrary to typhoidal Salmonella'>!*. Poor water quality,
poor handwashing habits, and consumption of untreated drinking water or unsafe food are the main causes
of typhoid fever'. Therefore, people with low socioeconomic status and poor or improper hygiene have high
risk of fecal-oral enteric infections, including typhoidal and NTS. The most recent meta-analysis revealed that
household behaviors, including poor hygiene and consumption of unsafe food and untreated water, increase the
risk of typhoid transmission's. Among children in Africa, NTS is a leading cause of bacteremia, whereas typhoid
fever has a relatively low burden'’~"°. Another study demonstrated that typhoid fever is more common in older
children with a period of fever, whereas non-typhoidal bacteremia frequently develops in younger children of
poorly educated women or women with low socioeconomic status®.

For the diagnosis of typhoidal Salmonella infection, especially from blood, bacteriological culture is the gold
standard?!. The sensitivity of the culture method depends on the blood volume, antibiotic treatment, affected
individual, disease duration, and presence of bacteremia*. Blood cultures have a sensitivity of 40-80%”*. Moreo-
ver, they are most sensitive in the first week of infection as circulating bacterial concentrations peak at that
time®. Stool and rectal swab cultures have lower sensitivity than blood cultures®*. However, sensitivity can be
enhanced by culturing from three specimens or performing multiple cultures from a single stool specimen®*.
Culture methods are less frequently employed in developing countries because of the high cost and require-
ments for good laboratory facilities and highly trained professionals”?. Serological diagnoses of infections are
conducted using the Widal test. This test measures the antibody titers specific for Salmonella O (somatic) and H
(flagella) antigens’. The Widal test is widely used in numerous countries where trained technicians and laboratory
facilities are limited”*. Other useful methods for the diagnosis of Salmonella infection include enzyme-linked
immunosorbent assay (ELISA), which detect IgM and IgG antibodies against Salmonella surface molecules, and
molecular methods, such as nested multiplex polymerase chain reaction (PCR) and real-time PCR, which target
Salmonella virulence genes. The real-time PCR test is highly specific and sensitive and has faster turnaround
times than culture methods”%.

Scientific Reports |

(2021) 11:21889 | https://doi.org/10.1038/s41598-021-00611-0 nature portfolio



www.nature.com/scientificreports/

The geographical overlaps of malarial parasites and typhoidal/NTS can lead to co-infection of these two
pathogens, especially in the tropics where malaria is endemic. The overlap in the clinical symptoms of malaria and
non-malaria febrile illness or co-infection of these two pathogens may lead to the misdiagnosis of one disease.
Previous studies conducted in Africa demonstrated that bacteremia caused by NTS was associated with malaria
parasitemia'”?"?%, recent malaria®, anemia®, severe malarial anemia®, jaundice, and hypoglycemia®. Previous
studies also demonstrated that N'TS infection is associated with more severe anemia and malaria compared with
typhoidal Salmonella or other bacteremia infections!”?**!. Another study demonstrated that NTS infections
were associated with previous antimalarial treatment and malarial complications (severe anemia, jaundice, and
hypoglycemia). Furthermore, a systematic review demonstrated a higher case fatality rate in children who were
co-infected with NTS compared with those infected with malaria alone; however, the study had limitations on
high heterogeneity between studies, inclusion of recent malaria infection, use of antigen-based rapid diagnostic
tests (RDTs), study design, quality of microbiological data, and publication bias, making the meta-analysis poten-
tially misleading®. To the best of our knowledge, meta-analyses determining the association between malaria
and typhoid/non-typhoid fever have not been well conducted, and information is not updated. Therefore, the
present study aimed to quantify the pooled prevalence, probability, and outcome of typhoidal/NTS and malaria
co-infection among febrile patients who were suspected of having these two diseases.

Methods

Protocol and registration. The protocol of systematic review was registered at PROSPERO
(CRD42021252322) and conducted according to the Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) statement??.

Search strategy. Potentially relevant articles in PubMed, Web of Science, and Scopus were searched using
the combined search terms presented in Supplementary Table S1. The relevant search terms were retrieved from
Medical Subject Headings to ensure the inclusion of all relevant studies. The searches were conducted from
inception to April 27, 2021. Searches were limited to the English language, but the year of publication was not
limited. Additional searches were performed by reviewing the reference lists of the included studies and Google
Scholar to ensure that all potentially relevant studies were included in the meta-analysis.

Eligibility criteria. Observational studies in the English language that reported concurrent malaria and
typhoidal/NTS infection were included in the study. Studies reporting data that could not be extracted, case-
control studies, experimental studies, animal studies, case reports, and case series were excluded.

Study selection and data extraction. Potentially relevant articles were selected by two authors (MK,
WM) using the eligibility criteria. First, the duplicates from the three databases were removed. Second, the
remaining studies were screened for titles and abstracts, and any non-related studies were excluded. Third, the
full texts of the remaining studies were examined, and any non-related studies were excluded with reasons. Then,
the remaining studies were included in the systematic review and meta-analysis. Any disagreement on the study
selection between the two authors was resolved by reaching a consensus after the discussion. Data extraction was
performed by two authors (MK, WM) using the pilot standardized datasheets. The following information was
obtained from each study: first author names, publication year, study sites (country and region), year the study
was conducted, study design, characteristics of participants including age and sex, number of co-infections,
number of malaria cases, number of typhoid/non-typhoid cases, number of case fatality in co-infection and
Plasmodium monoinfection, diagnostic test for malaria, and diagnostic test for typhoid (best diagnostic test).
Any disagreement on data extraction between the two authors was resolved by a third author (PW) for the final
decision.

Risk of bias. The risk of bias of the included studies was evaluated using the checklist for analytical cross-
sectional studies developed by the Joanna Briggs Institute®. The checklist is comprised of eight categories (yes/
no/unclear/not applicable answers) based on the design, conduct, and analysis. Studies with yes answers in all
eight categories were considered to have low risk of bias (high quality), whereas those that complied with four
to six categories were considered to have a moderate risk of bias (moderate quality). Any study that complied
with less than four categories was considered to have a high risk of bias (low quality) and thus excluded from the
present study. The risk of bias was evaluated by two authors (MK, WM). If the two authors disagreed on the risk
of bias assessment, a third author (PW) was responsible for the final decision.

Outcomes. The outcomes of this study were as follows: (1) pooled prevalence of typhoidal/NTS and malaria
co-infection among febrile patients, (2) pooled prevalence of typhoidal/NTS infection among patients with
malaria, (3) pooled prevalence of malaria infection among patients with Salmonella spp. infection, (4) com-
parison of typhoidal/NTS infection among patients with severe and non-severe malaria, (5) association between
malaria and typhoidal/NTS infections, (6) case fatality rate among patients with typhoidal/NTS and malaria
co-infection, and (7) difference in mean parasitemia level between patients with typhoidal/NTS and malaria co-
infection and those with Plasmodium spp. monoinfection.

Data synthesis. The pooled prevalence rate of typhoidal/NTS and malaria co-infection among febrile
patients, typhoidal/NTS infection rate among patients with malaria, malaria infection rate among patients with
Salmonella spp. infection, case fatality rate among patients with typhoidal/NTS and malaria co-infection, and
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comparison of typhoidal/NTS infection rates among patients with severe and non-severe malaria were esti-
mated using random-effect models, assuming heterogeneity of the included studies. The results of the individual
studies are presented in the forest plots as the point estimates (prevalence in percentage) and 95% confidence
interval (CI). The association between Plasmodium spp. and Salmonella spp. infections was determined using
the random-effects model and expressed as odds ratio with 95% CI. The difference in mean parasitemia level
between patients with typhoidal/NTS and malaria co-infection and Plasmodium spp. monoinfection was esti-
mated using the random-effects model and expressed as weighted mean difference (WMD) with 95% CI. The
heterogeneity among the included studies was assessed using Cochran’s Q and I? statistics. Cochran’s Q <0.05 or
I*>50% indicated substantial heterogeneity among the included studies. If no substantial heterogeneity existed,
the fixed-effects model was employed to estimate the effect size (pooled prevalence or pooled odds ratio). The
subgroup analysis of typhoidal/NTS, regions (Africa and Asia), countries, time (publication year), characteris-
tics of participants, and diagnostic tests for identifying Salmonella spp. were conducted to explore the source(s)
of heterogeneity among the overall effect estimate. Sensitivity analyses of the probability of Plasmodium spp.
and Salmonella spp. co-infection were performed using the random- and fixed-effects models after excluding
outliers.

Publication bias. Publication bias among the included studies was evaluated using a funnel plot between
the effect size (ES) and standard error of the ES (seES). A funnel plot with asymmetrical distribution indicated
publication bias. Egger’s test was employed if the funnel plot asymmetry was caused by the small study effect. A
contour-enhanced funnel plot was also utilized to find the possible causes of funnel plot asymmetry among the
included studies. The significance of contour-enhanced funnel plots (p <0.01) indicated that the cause of fun-
nel plot asymmetry might be more likely other factors such as heterogeneity, selection bias, and quality of the
included studies than publication bias.

Results

Search results. A total of 550 studies were retrieved from the three databases (168 from PubMed, 234
from Scopus, and 148 from Web of Science). After removal of 245 duplicated studies, the titles and abstracts of
305 studies were screened. After excluding 232 unrelated studies, 73 were retained for full-text examination. A
total of 30 studies were excluded for the following reasons: 11 studies had no malaria and typhoid co-infection
cases, 9 studies had no typhoid cases, data could not be extracted from 4 studies, 3 were case—control studies,
1 was an experimental study, 1 was an animal study, and 1 study was a case report. Finally, 43 studies!”2%3035-74
were included. Thirty-eight studies”~2**"7>"1% from additional searches of reference lists and Google Scholar
were included. Thus, 81 studies met the eligibility criteria and thus included in the qualitative and quantitative
analyses (Fig. 1).

Characteristics and quality of the included studies. The characteristics of the included studies are
presented in Table 1. A total of 76 studies were cross-sectional or retrospective studies, whereas 5 were prospec-
tive studies. All studies were published between 1987 and 2021. In Africa, 61 studies (75.3%) were conducted; in
Asia, 19 studies (23.4%); and in Europe, 1 study. The African studies were conducted in Nigeria (30/61, 49.2%
)36-3842,47,48,50,51,57,59,61,6475.77,82-8489-9194-101103,107 Cameroon (5/61, 8.2%)*>%7392%3 Ghana (5/61, 8.2%)*1535676.85,
Kenya (5/61, 6.2%)?*>607280 Tanzania (4/61, 6.56%)***>4+46, Malawi'”?”*, Burkina Faso®*%, Mozambique”,
Sierra Leone®, the Democratic Republic of the Congo®, Ethiopia®®, Gabon®, and Gambia®!, and one study was
conducted in Burkina Faso, Ethiopia, Ghana, Guinea-Bissau, Kenya, Madagascar, Senegal, South Africa, Sudan,
and Tanzania®. The Asian studies were conducted in India (12/19, 63.2%)*366-6871,7481,88,104-106,108 'palkistan (4/19,
21.1%)>6>70192 Myanmar®®7, and Vietnam®. One study was conducted in Sweden®.

Among the 81 studies included in the analysis, 49 studies (60.5%) enrolled febrile
patient83574l,43747,50753,55,57,59,62,64768,70777,81,83,84,87,89,90,92,93,95,98,1027108’ 8 Studies enrolled pregnant
women?261:8291.9496.100.101 "¢ studies enrolled patients with severe malaria®-*6379885 9 studies enrolled malaria
positive patients?®48:56:58.606%.788688 5 styudies enrolled typhoid/non-typhoid-positive patients'”?*>*% and one
study enrolled children with pathogenic bacteremia?’. Co-infections with malaria and typhoidal/NTS were
reported in 4,523 cases from 73,775 total patients enrolled in the 81 included studies. Co-infections with
malaria and typhoidal Salmonella spp., including S. typhi and S. paratyphi, were reported in 3813 cases from 56
studies3l,36,38,39,41743,45748,50752,57,59,61,65768,70,71,73778,81784,867108. CO‘infeCtionS Wlth malaria and NTS) SuCh as S typh_
imurium, were reported in 707 cases from 18 studies!7?7-31:44:53:56.60.62:69.72.79.80848593 Co-infections with malaria
and both typhoidal and NTS spp. were reported in 13 studies??-?1:35:37:40:49,54,55,58,63,64,84,93

Salmonella spp. infection was identified using blood cultures (39/81, 48.1%
)17:2027-31,37,38,44,47,49,50,53,54,56-58,60,62,63,66,68,69,71,72,74,77-81,8385.89,98,104-106,108 Wridla] test (27/81, 33.3%)3640414345.4648,51,5
259,61,67,70,75,86-88.90.9496.9799-103 sty cultures (5/81, 6.17%)82849293107 RDTs (4/81, 4.94%)°%427391, and molecular
methods (3/43, 6.98%)**°>%%, One study®> employed both blood and stool cultures. Some studies used combina-
tions of methods to identify Salmonella spp. infection. However, only a definitive method was demonstrated
in this qualitative synthesis. For the identification of malaria, Plasmodium spp. infections were identified via
miCrOSCOpY alone (52/81) 64.2%) 17,27,28,30,3l,36738,40,43,45747,50753,56,59,60,63765,68,72,75,77,79787,89,90,927100,102,1057108) microscopy/
RDT (16/81, 19.8%)20,41,44,49,54,58,61,66,69,71,74,78,88,91,103,104’ RDT alone (5/81, 6.17%)57’67’73’76‘101, molecular method39,55)
microscopy/RDT/molecular method®>%, not specified*>**”°, and ELISA®.

Among the 81 studies included in the present study, 30 (37%) were rated as low risk of bias, whereas 51
studies had a moderate risk of bias (51/81, 63%). Studies with a high risk of bias were removed during the study
selection (Supplementary Table S2).
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38 studies from reviewing of 550 studies were identified through database searching
the reference lists and other 168 PubMed
sources

234 Scopus

148 Web of Science

[305 studies after duplicates removed

[305 studies were screened ]4.[232 Unrelated studies were excluded

30 full-text studies were excluded, with reasons

11 No malaria and typhoid co-infection
9 No typhoid case

4 Unable to extract data

3 Case-control studies

1 Experimental study

73 of full-text articles
assessed for eligibility

1 Case report

‘ 1 Animal study

[43 studies met the eligibility criteria ]

!

81 studies were included in the
systematic review and meta-analysis

Figure 1. Study flow diagram.

Prevalence of typhoidal and NTS and malaria co-infections among febrile patients. The
pooled prevalence rate of typhoidal/NTS and malaria co-infections among febrile patients was estimated from
50 studies?4143-47:50-535557.59.6264-68.70-77,81,83,84,87,89.9092.93.9598.102-108 The studies were divided into four groups
based on diagnostic tests for Salmonella spp. The results indicated that the pooled prevalence rates of typhoidal/
NTS and malaria co-infections among febrile patients were 14% (95% CI 9-19%; I2, 99.4%) using the Widal test,
1% (95% CI 1-1%; 12, 89.9%) using blood culture, 1% (95% CI 0-2%; 12, 81.6%) using RDTs, 1% (95% CI 0-1%;
I2, 0%) using a molecular method, 7% (95% CI 3-10%; I%, 81.2%) using stool cultures, and 6% (95% CI 4-9%)
using a combination of blood and stool cultures (Fig. 2).

When Salmonella spp. infections were detected using the Widal test, the highest prevalence rate of co-infec-
tions was noted in Cameroon (51%; 95% CI 45-58%) and Nigeria (21%; 95% CI 11-31%; I2, 98.3%), whereas
lower prevalence rates were detected in Sierra Leone (19%; 95% CI 18-20%), Ethiopia (6%; 95% CI 4-11%),
Pakistan (6%; 95% CI 4-7%; 12, 0%), Ghana (5%; 95% CI 3-8%; 12, 99.7%), India (0%; 95% CI 0-1%; 12, 99.7%),
and Tanzania (4%; 95% CI 2-6%) (Fig. 3).

Among the studies using blood culture for the identification of Salmonella spp. infections, the highest preva-
lence of co-infection was reported in Burkina Faso, Ethiopia, Ghana, Guinea-Bissau, Kenya, Madagascar, Senegal,
South Africa, Sudan, and Tanzania (5%; 95% CI 3-7%). Contrarily, lower prevalence was reported in Nigeria
(2%; 95% CI 1-4%; I2, 82%), India (1%; 95% CI 0-~1%; 1%, 87.3%), Tanzania (1%; 95% CI 1-2%), Ghana (0%; 95%
CI 0-1%), and Kenya (0%; 95% CI 0-1%) (Fig. 4).

Among the studies using the Widal test for the identification of Salmonella spp. infections, the highest preva-
lence of co-infections was noted in the studies that enrolled participants in all age groups (95% CI 20%; 95% CI
14-25%; 12, 97.1%). The prevalence of co-infections was 4% in children (95% CI 2-6%; 12, 99.7%), 8% in the not
specified (NS) age group (95% CI 1-15%), and 4% in adults (95% CI 3-5%; 1%, 99%) (Fig. 5) when Salmonella
spp. infections were detected using the Widal test. Among the studies using blood cultures for the identification
of Salmonella spp. infections, the prevalence of co-infections was 1% in all age groups (95% CI 1-2%; 1%, 91.1%),
1% in the NS group (95% CI 0-1%; 12, 46.1%), and 1% in children (95% CI 0-1%; I%, 89.2%) (Fig. 6).

Subgroup analysis of typhoidal/NTS infection, regions (Africa and Asia), and time (publi-
cation year) was performed using the data from studies using blood culture for typhoidal/NTS
identification®”-38:44:50:53,57.62,:66.68.71,72,74,77.81,83,89.98,104-106.108 R egylts showed that the prevalence rates of malaria and
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Typhoid
Salmonellaspp. | Salmonellaspp. | Allmalaria | Malariawithout | without Test for Test for
Author Study site Year conducted | Study design | Participants Age Sex (M:F) All co-infection | with typhoid with non-typh cases typhoid malaria malaria typhoid
Cross-
Abah etal. (2019)” | Nigeria 2016 sectional 500 Febrile patients | 1-60 years 244256 115 115 0 278 163 85 Microscopy | Widal test
study
Achonduh- Cross- S. typhiand §.
i m:,u. 1 C 2014 mt“ 1 s brilechilden | \s71ss “ " 108 1 y': o Microscopy, | Rapid diagnos-
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Jege et ameroo! e (6 months-15 years) ye paratyp RDT, PCR tic test
(2016)* study (14)
Cross- 129 Patients clinically
Afoakwah et al. ) ! o125
oty Ghana Ns sectional diagnosed as having 058125 6 6 2 18 26 RDT Widal test
study malaria
B 560 Febrile known | <10 years (30),
Agwu etal, N 2003-2004 RZSSV 1 HIVIAIDS (239 1220862130 505 17 117 418 P fal (301) | S typhi (73) Mi Widal test
3-20 c 39:3 7 P 3 7 Microscop :
(2009)* igeria s‘“ d'om male and 321 female) | (252), 31-40 (183), Jalciparum yphi icroscopy idaltes
y
study patients 41-50 (7),>50 (2)
Cross-
Akinyemi et al. ) ) 0-5 years (29), 6-15 (31), 16-30 (22),
e Nigeria 2004-2005 sectional 235 Febrile patients 16 16 0 107 91 26 Microscopy | Blood culture
(2007) 31-45 (15),>46 (10)
study
Cross- S. typhi (22), .
Akinyemi et al
(20‘1“2)6“*“‘6 @ Nigeria 2010-2011 sectional 135 Febrile patients | NS NS 4 4 9 5 paratyphi Microscopy Blood culture
. study o)
Cross-
Nigeria NS sectional 300 Febrile patients | 0 to>60 years 143:157 1 1 51 17 NS Microscopy | Blood culture
study
Cross- Mean, 22 years; Molecular Molecular
Alietal. (2020 | Tanzania 2015 sectional 149 Febrile patients . 22 yearss 62:87 1 1 7 6 0 Moleeu's
range, 1-70 method method
study
e etal Cross- Mean, 28 years ;’y‘")';(lz)‘(,)
mmah et al. aratyphi (5),
aneta Cameroon 19971998 sectional 200 Febrile patients | (+20.1); range, 88:112 103 38 6 15 12 parayp! Microscopy Widal test
(1999)% S. typhimurium i
study 475 4
)
. typhi (20):
76; median age, median age,
. 40(20-8.05 65(3.0-110);
“ross-
Anabire et al Median, anemia (55/76); a (12/20); | Microscopy,
nablre ¢t Ghana 2015 sectional 150 Febrile children edian, 3years 77:73 9 9 85 anemia (55/76) anemia (12/20); 1Croscopy; Widal test
(2018)* tud (IQR, 2-8 years) thrombocytopenia | thrombocyto- RDT
stu
y (47/76); leukopenia | penia (2/20);
(176); CBC leukopenia (0);
Cross- 182 Pregnant women
Anjorin et al. . ) Rapid diagnos-
. Nigeria 2016-2018 sectional having influenza-like | Mean, 20.3 years; range, 18-45 3 3 34 Ns
(2020)* tic test
study illness
Aung etal Prospective | 20 Patients with P Mic ;
ung ¢t & Myanmar 2016-2017 rospective atients wi >16 years 19:01 1 1 20 19 NS 1CTOSCOPY: Blood culture
(2018)* y study Sfalciparum RDT
Bassat et al. Retrospec- | 1404 Children with
assat eta Mozambique | 2003-2007 etrospec Hidren wi <5 years NS ¥ 0 2 1404 1382 NS Microscopy Blood culture
(2009)™ tive study severe malaria ! !
Berkley ctal. Prospective | 783 Children with
ercey etd Kenya 1993-1996 rospective Hren wi NS 396:387 6 0 6 783 7 NS Microscopy Blood culture
(1999)% study severe malaria Y
607 Patients with
Cross- dengue, malaria,
Bhalla ctal. Positive cases
nata et India 2018 sectional leptospirosis, typhoid, | NS ositive cases 1 372 371 45 Microscopy Widal test
(2019)% ° (male, 383:224)
study and rickettsia
diseases
Bhattacharya et al. Prospective
! India 2004 3371 Febrile patients | Mean, 247 years | 1730:1641 2 2 0 93 91 159 Microscopy | Blood culture
(2013)° study
S. typhi (11),
Cross- Median 1.57 yp‘ Ii 11 1| M
edian 157 yea - al | Microscopy,
Biggs et al. (2014) “ | Tanzania 2006-2007 sectional 3639 Febrile children edian years 1970: 1669 53 53 2195 2142 ‘_‘0" yphoida ACItOSLOl Y Blood culture
(0.2-13.0) Salmonella RDT
study
(109)
Birhanic et al. Cross- 24244134
irhanie ¢t Ethiopia 2013 sectional 200 Febrile patients AL TaNge 080 13 13 73 60 25 Microscopy Widal test
(2014)" 2t0>46 !
Study
Brent et al Prospective | 166 Non-typhoidal
rent et & Kenya 1998-2002 rospective on-typholda Median 15 months (8-27) 54 0 54 54 0 112 ELISA Blood culture
(2006 study Salmonella
B etal. Cross- 13888 I
ronzan etk Malawi 19962005 sectional CVere AN | Children > 6 months 37 37 1388 1351 NS Microscopy Blood culture
(2007 with bacteriamia ’
study
Cross-
Chipwazaetal. | ;
Pt Tanzania 2013 sectional 370 Febrile patients | 2-13 years 189:181 13 13 98 85 38 Microscopy | Widal test
h study
Cross-
Chukwuma et al.
(20"1 4‘;\""“ | Nigeria 2012-2013 sectional 350 Pregnant women 5 5 0 10 5 1 Microscopy Stool culture
study
Cross-
Edetetal. (016" | Nigeria 2014-2015 sectional 100 Febrile patients | 10-80 years 4 1 1 0 4 30 0 Microscopy | Blood culture
study
Cross-
Ekesiobi et al. . 5 7
o Nigeria Ns sectional 256 Febrile patients | 1to>35 years 128:128 2 25 4 202 173 9 Microscopy | Stool culture
study
Cross-
Enabulele et al.
(l“o“mh;f cetd Nigeria NS sectional 271 Febrile patients | >18 years NS 5 5 193 188 2 Microscopy Widal test
study
Evans et al. . . Cross- 23 Children with . .
Ghana NS sectional NS NS 10 0 10 23 13 19 Microscopy | Blood culture
(2004)% severe malaria
study
Cross-
‘Widal te
Ezeetal. (011)% | Nigeria NS sectional 25 Malaria cases NS NS 3 3 25 2 0 NS . idaltes
study
S. typh
y‘fxvl( dianve | S 0PH S typh
Democratic Cross- 16 5. typhi positive, (p:;' 1“:1)‘““ “al") positive (7:9), y“" " w v
. ) positive (1), | Microscopy,
Falay et al. (2016)” | Republic of the | 2012 sectional 107 Non-typhoidal MONES: | hon-typhoidal | 63 5 58 0 positive 1CTOSCOPY: Blood culture
’ . ! non-typhoidal non-typhoidal | RDT
Congo study Salmonella ! Salmonella !
Salmonella (median | "1 Salmonella (59)
24 (12-36)) o
Cross-
Graham etal. 219 Non-typhoidal
raham eta Malawi 1996-1998 sectional on-typholca >6 months NS 82 82 0 144 Microscopy Blood culture
(2000)! wd Salmonella
study
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Typhoid
Salmonellaspp. | Salmonellaspp. | Allmalaria | Malariawithout | without Test for Test for
Author Study site Year conducted | Study design | Participants Age Sex (M:F) All co-infection | with typhoid with non-typh cases typhoid malaria malaria typhoid
Ibrahim et al Cross: Median 18
rabim etal BurkinaFaso | 2014 sectional 283 Malaria cases ccian 140:143 91 91 0 283 192 NS Microscopy Widal test
(2019),, (0-85 years) ’
study
Igbeneghu etal. Cross:
(32009)?“ M Nigeria NS sectional 258 Febrile Patients | NS NS 1 1 161 160 1 Microscopy | Blood culture
study
Cross-
Igharo etal. « . ;
G012y Nigeria Ns sectional 234 Febrile patients | NS 113:121 3 3 88 15 130 Microscopy | Widal test
study
Cross-
Jal: tal. 1-10(75), 11-20
Jalani et al Pakistan 2017 sectional 144 Febrile patients 10(79) 74:70 9 9 20 11 86 Microscopy Widal test
(20192 (35),>20 (34) Y
study
Cross-
Kargbo et al. . ross 11,069 Febrile ~ 5245
. Sierra Leone sectional 5-70 years 2101 2101 0 8849 6748 554 Microscopy | Widal test
(2014) patients ’ 5824
study
Katiyar et al. Cross- Mi
i Microscopy,
(7:);'0.;;8 @ India 2018 sectional 780 Malaria cases 0-80 years 425:355 122 122 0 780 658 NS R‘A’C;OSLOP‘{ ‘Widal test
202 study
Cross- Non-typhoidal
Krumkamp etal. | i ) con-ty
pivpies Ghana 2007-2012 sectional 6746 Febrile patients | <15 years 33 3 2563 2530 Salmonella (160), | Microscopy | Blood culture
study S. typhi (93)
Cross-
Mabey etal. N
Pl Gambia 1979-1984 sectional 116 Patients with typhoidal/non-typhoidal Samonella 35 5 30 35 Ns 81 Microscopy | Blood culture
study
Cross-
Maltha el al. § ross . Microscopy,
p BurkinaFaso | 2012-2013 sectional 711 Severe malaria | Median 19 (10-36) | 393318 33 12 21 711 678 0 wor Blood culture
study
Cross-
Mbuh et al. ) o .
(2003 Nigeria 1996 sectional 218 Febrile patients | 2-59 years 118:100 1 1 0 60 £ 0 Microscopy | Blood culture
- study
Ret) -
Mike etal. (2017)" | Nigeria 2015 . < '°'s‘;“ 627 Febrile patients 375:252 136 136 0 233 97 19 Microscopy Widal test
ive study
Mohammed et al Cross- Microsc Rapid d
vohammedetath | Nigeria 2020 sectional 429 Pregnant women | 21-30 years 429 12 2 0 123 111 33 Vicroscopy, apic diagnos
(2020) ! RDT tic test
study
Cross-
Mourembou etal. Molecular Molecular
" Gabon NS sectional 410 Febrile patients | <16 years 212:198 3 23 320 0
(016 ! method method
study
Cross- 156 Children S. typhi (11),
Mtove etal. X Microscopy;
ot Tanzania 2008-2009 sectional with pathogenic 2 months to 14 years 3 3 31 0 non-S. Typhi wor Blood culture
study bacteriamia (14)
Cross-
Ndip et al. (201 5)* | Cameroon 2010 sectional 206 Febrile patients 4-80 years 12 12 0 186 174 14 .‘\4\(“\\(0[‘\’/ Stool culture
study
Cross-
Nielsen ctal N ~
(015 Ghana 2007-2011 sectional 771 Malaria cases <15 years 1049:866 21 21 771 750 0 Microscopy | Blood culture
study
Cross- Typhoid (55),
Nl et ] ross . yphoid (55)
020 Cameroon 2015 sectional 160 Febrile patients | 18 months-60 years | 81:79 12 9 3 31 19 non-typhoidal | Microscopy Stool culture
202 study Salmonella (24)
Cross-
Nwabueze etal. ) « ’
2013 Nigeria NS sectional 700 Pregnant women | NS NS 236 236 0 512 276 NS Microscopy | Widal test
- study
Nvasoetal Cross-
(;;“)’;‘L“ b Nigeria 2007 sectional 250 Febrile patients | 0-70 years 123:127 14 14 33 19 S. typhi (39) RDT Blood culture
study
Cross-
Nyein etal. ross 67 Adults with P Microscopy,
Myanmar 2014-2015 sectional Adults NS 4 3 1 67 6 0 ’ Blood culture
(@016 Sfalciparum RDT
study
Cross-
Odik tal
(20‘1 ;‘1‘,"”“ 8| Nigeria Ns sectional 350 Febrile patients | All age groups 164:186 127 127 190 6 16 Microscopy Widal test
study
Cross-
Ohanu et al. ross § ~ Blood and stool
- Nigeria sectional 270 Febrile patients | 15-59 years 130:140 16 16 0 60 m 2 Microscopy
(2003)” ’ ! culture
study
Cross-
Omoya etal. . _ ~ _ .
oms Nigeria 2015 sectional 170 Pregnant women | 16-45 years 170 7 7 0 12 3 35 Microscopy | Widal test
study
Cross-
Onyido et al ross 200 Healthy
S ngena 2012 sectional N 1-80 years 52:148 10 10 0 50 40 11 Microscopy ‘Widal test
(2014)” individuals !
study
Cross-
Oroketal. (2016)" | Nigeria 2015 sectional 250 Febrile patients | 1-75 years 113:137 2 2 0 202 200 NS Microscopy | Blood culture
study
Cross-
Oshiokhayamt
shio ﬂydllln ne Nigeria NS sectional 200 Students 18-30 years 100:100 5 5 0 10 5 25 Microscopy ‘Widal test
etal. (2021)” !
study
Cross- Non-typhoidal
Oundo et al ~ ross 9147 Children with on-typhoidal
: Kenya 1997-2001 sectional Mean 22.28 months (25.3) 101 101 9248 9147 Salmonella Microscopy | Blood culture
(2002)" severe malaria "
study (352)
Cross-
Ozumba et al
020y Nigeria 2015 sectional 200 Pregnant women | <20 to 60 years 200 8 8 0 16 8 78 Microscopy Widal test
202 study
Cross-
Pam et al. (2015)"" | Nigeria 2015 sectional 250 Pregnant women | <20 to 60 years 250 9 9 0 16 7 6 RDT Widal test
study
. <20 (6),21-30
Pam etal. 2018)" | N 2015 “:ss 1 200 Pregnant (110),31-40 All were females | 9 9 25 16 86 MIrOSCOPy | (g test
. e 2 e Al were fe 5 e
am et al igeria sectons regnantwomen | BTN ere females ot idal test
study
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Typhoid
Salmonellaspp. | Salmonellaspp. | Allmalaria | Malariawithout | without Test for Test for
Author Study site Year conducted | Study design | Participants Age Sex (M:F) All co-infection | with typhoid with non-typh cases typhoid malaria malaria typhoid
Burkina Faso,
Ethiopia,
Ghana, Guinea- .
Bissau, Kenya Cross- Microsco
Park et al. (2016)" b R0y, | 010-2014 sectional 497 Febrile patients | All age groups NS 24 9 15 0 473 Microscopy, Blood culture
Madagascar, i RDT
study
Senegal, South Y
Africa, Sudan,
and Tanzania
836, mean age
31 years, range
Cross- 845 Adult patients 15-79 years,
Phuetal. 20200 | Vietnam 1991-2003 sectional admitted with severe | > 14 years NS 4 3 1 840 median parasite | 0 Microscopy | Blood culture
study falciparum malaria count 81,766/
WL (12,811 to
316512/pL)
<1(7),1-5
Cross- S. typhi (21),
Popoola et al. ~ ross § (217), 6-12 (189), ~ byphi (21) Molecular
" Nigeria 2017 sectional 682 Febrile patients 332350 7 6 1 171 164 non-typhoidal | Microscopy
(2019) dy 13-17 (61), 18-59 Salmonella (5 method
study (198),260 (10) almonella 5)
Cross- ) -
Qureshi et al. pakist 02013 - 1659 Febrile patients | Al Infected cases | || " s W7age1-12(67), | 183age1-12 | Rapid diagnos-
Kistan 2013 section rile patients | : Microscopy
019 st ection® briie patients sgegroups 164:147 13-60 (50) (110, 13-60 (73) | TP tic test
study
Cross- N
Microscopy:
Rajaetal. (2016 | India 2013-2014 sectional 100 Febrile patients | NS NS 2 2 10 8 6 KD‘Tm‘“" Blood culture
study
Cross-
Ramya etal. 824 Malaria, typhoid,
amya et India 2010-2012 sectional aarih, PRl | N NS 55 55 NS Ns RDT Widal test
(o17)° dengue cases
study
. Cross-
Sajid et al. ) ) o .
G017y Pakistan NS sectional 300 Febrile patients | 1to>46 years 150:150 21 21 6 m 16 Microscopy | Widal test
! study
Cross- Microscopy:
Sale et al. (2020)'** Nigeria NS sectional 200 Febrile patients <10 to>30 years 96:104 45 45 0 111 66 33 ARD T Py ‘Widal test
study
Samatha et al. Cross- ) Widal test 132,
India 2014-2015 sectional 582 Febrile patients | NS NS 4 4 306 302 Microscopy | Blood culture
(2015)% culture 7
5|I14|Y
Mean 33.6 Mi
Microscopy,
Sandlund et al. Cross- (15.2 years), R’;C;OSLOIY
andund et Sweden 19952009 sectional 755 Malaria patients | range 1-79 years 01:01.0 4 4 755 751 0 g Blood culture
(@012 ’ molecular
study (13.68 years), range Mot
18-77 years :
Cross- )
Shaikh et al. pakist 02018 . 985 Febrile pationts | Malaria positi Malaria positive: | 5 ” 290 250 s Widaltet
. istan 7- section: 5 rile patient 52 5. 3 5 Vi
@o18)* s ection® PIEPAENS | nean 38.63 209:181 e
study
Sharma et al. Cross- Mi
Sharma et al. Microscopy:
m;ﬁ):f b India 2014-2016 sectional 3010 Febrile patients | Children and adults | 2260:750 48 8 0 210 162 12 wor Blood culture
study
Cross-
Singh et al. Mic ,
ingh e India 2013 sectional 1141 Febrile patients | =12 years 618:523 1 1 147 146 92 lErascopy: Blood culture
(o147 ’ RDT
study
. Cross-
Snehanshu ctal. i )
014y India 20122013 sectional 200 Febrile patients | 0 to>60 years 88112 5 5 0 36 31 NS Microscopy | Blood culture
study
Prospective
Suretal. (2006 | India 2004 ‘m:p“ ¢ 1 3371 Febrile patients | 0t0>70 years NS 3 3 0 9 % 92 Microscopy Blood culture
study
B 3578 Febrile (60 non-
Sross-
, typhoidal Salmonell Non-typhoidal
Tabu etal. (2012)"* | Kenya 2006-2009 sectional ypholdal Sarmonella | g NS 12 12 NS NS NORYPROICA i occopy Blood culture
’ investigated for Salmonella (48)
study
malaria)
“Tehuandom et al. Cross- <15 7.1
g al. <15 years, mean 7.
chuandom etah | Cameroon 2016-2017 sectional 961 Febrile patients yearsmean7-h | 95466 6 6 39 390 2 RDT RDT
(2018)7 (2.9 years)
study
Cross-
Ukaegbu et al. . ) ~ )
2o Nigeria NS sectional 300 Febrile patients | 0 to>60 years 117:183 9 9 0 162 153 NS Microscopy | Stool culture
study
Cross-
Vats etal. (2018)" | India Ns sectional 300 Febrile patients | 1-60 years 206:94 3 3 0 31 2 9 Microscopy | Blood culture
study
Cross-
Verma et al. ross . . . . Microscopy,
» India 2012 sectional 800 Febrile patients | NS Ns 9 9 Ns Ns NS ’ Blood culture
(014 RDT
study
Cross-
We . 128 Non-typh 1
alsh etal Malawi 1996-1997 sectional 8 Non-typhoidal 0-13 years NS 3 0 32 3 NS 9% Microscopy Blood culture
(2000) Salmonella ! g
study
Cross-
585 Children with P
Were etal. (2011 | Kenya 2004-2006 sectional e Hidren wi 1-36 months 295:290 2 0 2 585 561 NS Microscopy Blood culture
alciparum
study

Table 1. Characteristics of the included studies. ELISA enzyme-linked immunosorbent assay, NS not
specified, RDT rapid diagnostic test.
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%

Study ES (95% Cl) Weight
Widal test

Abah et al., 2019 ! —— 0.23 (0.20, 0.27) 1.32
Afoakwah et al., 2011 —— 0.05(0.02,0.10)  1.34
Agwu et al., 2009 ! —— 0.21(0.18,024) 145

I
Ammah et al., 1999 —p———  0.51(0.45, 0.58) 0.57
Anabire et al., 2018 —!-‘— 0.06 (0.03, 0.11) 1.28
Bhalla et al., 2019 < 0.00 (0.00, 0.01) 272
Birhanie et al., 2014 :—‘— 0.06 (0.04, 0.11) 1.43
Chipwaza et al., 2015 -‘I— 0.04 (0.02, 0.06) 215
Enabulele et al., 2016 '.—I 0.02 (0.01, 0.04) 2.28
i o 2019 — 20001 129
Ka antlv ot Y\ 2014 ! < 0-19 (0.18’ 0.20) 2-63
Mi:g 29: aéim ! —— 022 Eo'w, 0‘25; 151
ke et al.. . . . -
) | 3

Odikamnoro et al., 2017 | —— 0.36 (0.31, 0.41) 0.91
Ramya et al., 2017 - 0.07 (0.05,0.09)  2.23
Sajid et al., 2017 —— 0.07 (0.05,0.10)  1.66
Sale et al., 2020 1 —— 0.22 (0.17, 0.29) 0.75

Shaikh et al., 2018
Subtotal (12 = 99.42%, p = 0.00)

0.05 (0.04, 0.07) 2.38

- 0.14(0.09,0.19)  28.79

-’-
I
I
Rapid diagnostic test 1
Achonduh-Atijegbe et al., 2016 - 0.04(0.03,0.07)  1.95
Qureshi et al., 2019 * 0.01 (0.00, 0.01) 272
Tchuandom et al., 2018 € 0.01 (0.00, 0.01) 2.69
Subtotal (12 = 81.55%, p=0.00) £ 1 0.01(0.00,0.02)  7.36
I
I

Blood culture
Akinyemi et al., 2007 —— 0.07 (0.04, 0.11) 1.51
Akinyemi et al., 2015 - 0.03 (0.01, 0.07) 1.67
Alhassan et al., 2012 >
Bhattacharya et al., 2013 <
Biggs et al., 2014 <
Edet et al., 2016
Igbeneghu et al., 2009 >
Krumkamp et al., 2016 3
P
-

1 0.01(0.01,0.03) 242
1 0.00 (0.00,0.00) 274
1 0.01(0.01,002) 271
| —— 0.11(0.06,0.19)  0.69
! 0.00 (0.00,0.02) 2,63
! 0.00 (0.00,0.01) 274
! 0.00 (0.00,0.03)  2.58
—— 0.06 (0.03,0.09)  1.67
Orok et al., 2016 0.01(0.00,0.03) 250
Park et al., 2016 - 0.05(0.03,007)  2.14
Raja et al., 2016 - 0.02(0.01,007)  1.72
Samatha et al., 2015 > 0.01(0.00,002) 265
Sharma et al., 2016 * 0.02 (0.01, 0.02) 270
Singh et al., 2014 * 0.00 (0.00,0.00) 274
Snehanshu et al., 2014 - 0.03 (0.01,0.06)  2.00
Sur et al., 2006 * 0.00 (0.00,0.00) 274
Tabu et al., 2012 * 0.00 (0.00,0.01) 274
Vats et al., 2018 > 0.01(0.00,0.03)  2.50
Y
|}

Mbuh et al., 2003
Nwuzo et al., 2009

Verma et al., 2014 0.01(0.01, 0.02) 2.63

Subtotal (12 = 89.88%, p = 0.00) 0.01(0.01,001)  48.44

Ali et al., 2020 >— 0.01 (0.00, 0.04) 242
Mourembou et al., 2016 < 0.01 (0.00, 0.02) 261
Popoola et al., 2019 L J 0.01 (0.00, 0.02) 2.63
Subtotal ("2 =0.00%, p=084) 0.01(0.00,0.01)  7.65

I

I

I

I

I

I

I

Molecular method 1
I

I

I

I

I

Stool culture 1
I

Ekesiobi et al., 2008 —— 0.11 (0.08, 0.16) 1.25

Ndip et al., 2015 —— 0.06 (0.03,0.10)  1.52

Nijolle et al., 2020 —— 0.08 (0.04, 0.13) 1.19

Ukaegbu et al., 2014 - 0.03(0.02,0.06) 2.12

Subtotal (I"2 =81.16%, p = 0.00) <> 0.07 (0.03, 0.10) 6.08
I

Blood and stool culture I

Ohanu et al., 2003 —— 0.06 (0.04, 0.09) 1.69

I
I
Heterogeneity between groups: p = 0.000 |
Overall (A2 = 98.76%, p = 0.00); 0 0.05(0.04,0.05)  100.00
I
1

Figure 2. The pooled prevalence of typhoidal/NTS and malaria co-infection among febrile patients detected
using diagnostic tests for Salmonella spp. ES proportion estimate (multiply 100 units for interpreted as
prevalence estimate), CI confidence interval.
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%

Study ES (95% Cl) Weight
T
Nigeria 1
Abah et al., 2019 I —— 0.23(0.20,0.27)  5.55
Agwu et al., 2009 L 0.21(0.18,0.24) 558
Enabulele et al., 2016 > : 0.02 (0.01,0.04) 5.69
Igharo et al., 2012 1—‘— 0.18(0.14,0.24) 541
Mike et al., 2017 I —— 0.22 (0.19,0.25)  5.59
Odikamnoro et al., 2017 ! —— 0.36 (0.31,0.41)  5.40
Sale et al., 2020 : —— 0.22(0.17,0.29)  5.31
Subtotal (12 = 98.32%, p = 0.00) —_ 0.21(0.11,0.31) 3853
I
Ghana !
Afoakwah et al., 2011 —— ! 0.05(0.02,0.10)  5.55
Anabire et al., 2018 —— : 0.06 (0.03,0.11)  5.54
Subtotal ("2 =99.72%, p=0.00) &> 1 0.05(0.03,0.08)  11.09
I
Cameroon !
Ammah et al., 1999 : ——— 0.51(0.45,0.58) 5.14
I
I
India !
Bhalla et al., 2019 * : 0.00 (0.00,0.01) 5.73
Ramya et al., 2017 - 1 0.07 (0.05,0.09) 5.69
Subtotal (12 = 99.72%, p = 0.00) § 1 0.00 (0.00,0.01)  11.41
I
Ethiopia :
Birhanie et al., 2014 —— | 0.06 (0.04,0.11) 557
I
I
Tanzania !
Chipwaza et al., 2015 - : 0.04 (0.02,0.06) 5.68
I
I
Pakistan !
Jalani et al., 2019 —— : 0.06 (0.03,0.11)  5.52
Sajid et al., 2017 —— 1 0.07 (0.05,0.10)  5.62
Shaikh et al., 2018 L ] 1 0.05 (0.04,0.07) 5.70
Subtotal (12 =0.00%, p = 0.55) O : 0.06 (0.04,0.07) 16.84
Sierra Leone :
Kargbo et al., 2014 1 < 0.19(0.18,0.20) 5.72
I
I
Heterogeneity between groups: p = 0.000 !
Overall (I"2 =99.42%, p = 0.00); ¢ 0.14 (0.09, 0.19)  100.00
I
1
[ | I 1
0 .5) 1

Figure 3. Pooled prevalence of typhoidal/NTS and malaria co-infection using the Widal test for the
identification of Salmonella spp. infection stratified by countries. ES proportion estimate (multiply 100 units for
interpreted as prevalence estimate), CI confidence interval.

typhoid co-infections and malaria and NTS co-infections were 1% (95% CI 0-1%; 12, 84.8%) and 1% (95% CI
0-1%; 12, 92.3%) (Fig. 7). Subgroup analysis of regions showed that the prevalence rates of malaria and typhoidal/
NTS co-infections were 1% in Africa (95% CI 1-2%; I2, 87.5%) and 1% in Asia (95% CI 0-1%; 12, 87.3%) (Fig. 8).
Subgroup analysis of time showed that the prevalence rate of malaria and typhoid co-infections was highest (2%)
in 2016 (95% CI 0-1%; I%, 72.8%) and 1% in 2009, 2012, 2014, and 2015 and 0% in 2003, 2006, 2013, and 2018
(Fig. 9). Subgroup analysis of time showed that the prevalence rate of malaria and NTS co-infections was highest
(1%) in 2014 and 0% in 2012 and 2016 (Fig. 10).

Prevalence of typhoidal/NTS infections among patients with malaria. The pooled
prevalence rate of typhoidal/NTS infection among malaria patients was estimated from 57
studies?35-41:43-48.50-33,35-60.64-66.66-71,73,75-78.81.838486-90.92.93.95.97-99.102-108 The studies were divided into groups based
on diagnostic tests for Salmonella spp. The pooled prevalence rates of typhoidal/NTS infection among patients
with malaria were 31% (95% CI 23-39%; 1%, 99.5%) using the Widal test, 5% (95% CI 0-10%; I%, 86.7%) using
RDTs, 3% (95% CI 2-3%; 12, 86.8%) using blood culture, 2% (95% CI-1 to 5%; 2, 58.7%) using molecular
methods, 12% (95% CI 5-19%; I2, 86%) using stool cultures, and 27% (95% CI 17-39%) using a combination of
blood and stool cultures (Fig. 11).

Among the studies using the Widal test for the identification of Salmonella spp. infections, the highest preva-
lence rate of typhoidal/NTS among patients with malaria was reported in Cameroon (90%; 95% CI 83-94%) and
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Akinyemi et al., 2007 1 —— s 0.07 (0.04, 0.11) 0.59
Akinyemi et al., 2015 | ———————— 0.03(0.01,007) 073
Alhassan et al., 2012 +0— 0.01(0.01,0.03) 277
Edet et al., 2016 . * 0.11(0.06,0.19)  0.17
Igbeneghu et al., 2009 >— 0.00 (0.00, 0.02) 5.28
Mbuh et al., 2003 -~ 0.00 (0.00,0.03)  4.45
Nwuzo et al., 2009 : —— 0.06 (0.03,0.09) 0.74
Orok et al., 2016 —— 0.01(0.00,0.03)  3.46
Subtotal ("2 = 81.96%, p=0.00) <> 0.02(0.01,0.04)  18.19
1
India :
Bhattacharya et al., 2013 L 0.00 (0.00, 0.00) 9.80
Raja et al., 2016 e e 0.02 (0.01,0.07)  0.79
Samatha et al., 2015 -~ 0.01(0.00,0.02)  5.87
Sharma et al., 2016 | = 0.02 (0.01,0.02) 7.59
Singh et al., 2014 - 0.00 (0.00,0.00)  9.48
Snehanshu et al., 2014 : —_—— 0.03(0.01,0.06) 1.22
Sur et al., 2006 ., 0.00 (0.00,0.00)  9.75
Vats et al., 2018 - 0.01(0.00,0.03)  3.38
Verma et al., 2014 —— 0.01(0.01,0.02) 5.46
Subtotal (12 = 87.32%, p = 0.00) o: 0.01(0.00,0.01)  53.33
Tanzania
Biggs et al., 2014 - 0.01(0.01,0.02)  8.04
Ghana
Krumkamp et al., 2016 * 0.00 (0.00, 0.01) 9.50

Africa countries

Park et al., 2016 —e 0.05 (0.03, 0.07) 1.54
Kenya
Tabu et al., 2012 * 0.00 (0.00, 0.01) 9.39

Heterogeneity between groups: p = 0.001
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Figure 4. Pooled prevalence of typhoidal/NTS and malaria co-infection using blood cultures for the
identification of Salmonella spp. infection stratified by countries. ES proportion estimate (multiply 100 units for
interpreted as prevalence estimate), CI confidence interval, NS not specified.

Nigeria (37%; 95% CI 20-54%; 2, 98.7%), whereas lower prevalence rates were reported in Burkina Faso (32%;
95% CI 27-38%), Pakistan (28%; 95% CI 8-47%; 12, 89.9%), Sierra Leone (24%; 95% CI 23-25%), Ethiopia (18%;
95% CI 11-28%), Tanzania (13%; 95% CI 8-21%), Ghana (12%; 95% CI 6-19%; 1%, 99.9%), and India (1%; 95%
CI 0-1%) (Fig. 12). Among the studies using hemoculture for the identification of Salmonella spp. infections,
the highest prevalence rate of typhoidal/NTS among patients with malaria was reported in Nigeria (8%; 95%
CI4-12%; I2, 89%), whereas lower prevalence rates were reported in Myanmar (6%; 95% CI 1-11%; 12, 98.4%),
India (6%; 95% CI 3-10%; 12, 89.3%), Tanzania (2%; 95% CI 2-3%), Ghana (1%; 95% CI 1-2%; I2, 97.9%), Kenya
(1%; 95% CI 1-1%; 12, 98.5%), and Sweden (1%; 95% CI 0-1%) (Fig. 13).

Among the studies using the Widal test for the identification of Salmonella spp. infections, the prevalence
rates of typhoidal/NTS among patients with malaria in all age groups were 38% (95% CI 29-48%; 12, 98.5%),
12% in children (95% CI 7-17%; 1%, 99.9%), 20% in the NS age group (95% CI—11 to 51%; 1%, 97.7%), and 11%
in adults (95% CI 1-20%; 1%, 93.5%) (Fig. 14). Among the studies using blood culture for the identification of Sal-
monella spp. infections, the prevalence rates of typhoidal/NTS among malarial patients were 8% in all age groups
(95% CI 5-11%; I%, 91.3%), 1% in the NS age group (95% CI—1 to — 4%; 12, 69.2%), 3% in adults (95% CI-1
to 7%; I%, 48%), and 2% in children (95% CI 1-3%; I%, 87.8%) (Fig. 15). Subgroup analysis of age (<3 years and
0-15 years) of NTS infection among patients with malaria was performed using the data of five studies?®*+35650,
Results showed that the prevalence rates of NTS infection among patients with malaria were 2% in patients aged
0-15 years (95% CI—1 to — 43%; I%, 90.5%) and 1% in patients aged <3 years (95% CI 1-2%; I%, 95.3%) (Fig. 16).

Subgroup analysis of typhoidal/NTS, regions (Africa and Asia), and time (publica-
tion year) was performed using the data from studies using blood culture for typhoidal/NTS
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Figure 5. Pooled prevalence of typhoidal/NTS and malaria co-infection using the Widal test for the
identification of Salmonella spp. infection stratified by age groups. ES proportion estimate (multiply 100 units
for interpreted as prevalence estimate), CI confidence interval.

identification?®:37:38:44:50.53,56-58,60,66,68,69.71,77,78,81,83,89,98,104-106,108 Regylts showed that the prevalence rates of typhoi-

dal and NTS infection among patients with malaria were 6% (95% CI 3-8%; I?, 86.9%) and 2% (95% CI 1-2%;
1%, 87.7%) (Fig. 17). Subgroup analysis of regions showed that the prevalence rates of typhoidal/NTS among
patients with malaria were 2% in Afica (95% CI 1-3%; 12, 87.5%), 6% in Asia (95% CI 3-9%; 12, 86.7%), and
1% in Europe (95% CI 0-1%) (Fig. 18). Subgroup analysis of time showed that the prevalence rate of typhoidal
Salmonella infection among patients with malaria was highest (17%) in 2016 (95% CI 1-33%; I%, 95.6%), 8% in
2012 (95% CI 3-18%) and 7% in 2018 (95% CI 0-14%; 1%, 98.5%). The low prevalence of typhoidal Salmonella
infection infection among patients with malaria was demonstrated in 2016 (13%), 2003 (2%), 2013 (2%), and
2009 (1%) (Fig. 19). Subgroup analysis of time showed that the prevalence rates of NTS infection among patients
with malaria were highest in 2011 (4%), 2015 (3%), and 2014 (2%) and low in 2014 (2%), 2002 (1%), 2012 (1%),
and 2016 (1%) (Fig. 20).

Comparison of typhoidal/NTS infections among patients with severe and non-severe
malaria. The pooled prevalence rates of typhoidal/NTS infections among patients with severe and
non-severe malaria were estimated using data from 24 studies that enrolled patients with non-severe
malaria28,37,38,44,50,53,56758,60,66,68,69,71,77,78,81,83,89,98,1047106,108 and 6 Studies that enrolled patients Wlth severe
malarja®®+63798085 Al 30 studies employed the blood culture method to identify Salmonella spp. infections.
The pooled prevalence rates of typhoidal/NTS infection were 2% in patients with severe malaria (95% CI 1-3%;
I%,91.5%) and 3% in patients with non-severe malaria (95% CI 2-3%; I, 86.8%) (Fig. 21).

Prevalence of malaria infections among patients with typhoidal/NTS infections. The pooled
prevalence rate of malaria infections among patients with typhoidal Salmonella spp. infection was estimated
from three studies?®"*°. The pooled prevalence rate of malaria infection in patients with typhoidal Salmonella
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Figure 6. Pooled prevalence of typhoidal/NTS and malaria co-infection using blood cultures for the
identification of Salmonella spp. infection stratified by age groups. ES proportion estimate (multiply 100 units
for interpreted as prevalence estimate), CI confidence interval, NS not specified.

spp. was 17% in children (95% CI 6-29%; 1%, 33.3%) (Fig. 22). The pooled prevalence rate of malaria infec-
tion among patients with NTS, which was estimated from six studies!”?*??**14was 43% in children (95% CI
32-53%; I, 89.1%) (Fig. 23).

Probability of Plasmodium spp. and Salmonella spp. co-infections. The prob-
ability of Plasmodium spp. and Salmonella spp. co-infections was estimated from 46
Studies35738,40,41,43747,50753,57,59,6l,64766,68,70,7l,73,75,76,8l,82,84,87,90793,95797,997104,106,108’ Wthh reported the fOHOWlIlg param_
eters: total number of Plasmodium spp. and Salmonella spp. co-infections, total number of malaria, total number
of malaria without typhoid, and total number of febrile patients without malaria/typhoid. Plasmodium spp. and
Salmonella spp. co-infections in all age groups occurred by chance (p=0.126; odds ratio, 1.51; 95% CI 0.89-2.58;
I%, 95.7%), whereas Plasmodium spp. and Salmonella spp. co-infections in children did not (p <0.0001; odds
ratio, 0.36; 95% CI 0.23-0.58; 1%, 73.9%). No association between Plasmodium spp. and Salmonella spp. infec-
tions was observed in the NS age group (p, 0.24; odds ratio, 0.40; 95% CI 0.09-1.85; I, 86%) or adults (p, 0.799;
odds ratio, 1.14; 95% CI 0.41-3.16; 12, 94%). Overall, Plasmodium spp. and Salmonella spp. co-infection occurred
by chance (p, 0.987; odds ratio, 1.00; 95% CI 0.68-1.49; I%, 95.2%) (Fig. 24). A significantly higher odds ratio
of co-infection was reported in Nigeria®>*8909>97.101 'Cameroon®, India'®, and Pakistan'®?, whereas a signifi-
cantly lower odds ratio of co-infection was found in Nigeria®**”*!, Cameroon’>*>%, Pakistan®>”°, Ghana*"*3,
Tanzania*, Kenya®, and India*>"".

Outcomes of malaria and typhoidal/NTS co-infections. A limited number of studies reported clini-
cal outcomes of patients with co-infections (Table S2). Five studies®®®>7*8%92 reported outcomes of co-infection.
Among those studies, three studies®***?? reported outcomes of malaria and NTS co-infections, and one study®
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Figure 7. Pooled prevalence of typhoidal/NTS and malaria co-infection using blood cultures for the
identification of Salmonella spp. infection stratified by typhoidal/NTS infection. ES proportion estimate
(multiply 100 units for interpreted as prevalence estimate), CI confidence interval, NS not specified.

reported outcomes of malaria and typhoid co-infections. The case fatality rate in patients with malaria and NTS
co-infections was 16% (95% CI 9-24%; 1%, 89.1%; three studies), while one study®® reported the case fatality
rate in patients with malaria and typhoidal Salmonella co-infections at 33% (95% CI 6-79%) (Supplementary
Fig. S1). The difference in malarial parasitemia between co-infections and Plasmodium spp. monoinfection was
estimated by two studies”>*’. Results showed a higher mean of malarial parasitemia in patients with co-infec-
tions than those with Plasmodium spp. monoinfection (p, 0.023; WMD, 7926.7 parasitesuL of blood (95% CI
1091-14,762.3 parasitesiL of blood; 1%, 0%, two studies) (Supplementary Fig. S2). The study by Bassat et al.”’
showed a lower rate of respiratory distress in patients with co-infections (4/12, 33.3%) than those with Plasmo-
dium spp. monoinfection (542/1328, 40.8%). The study by Bassat et al.” also showed a lower mean hematocrit in
patients with co-infections (22.1+9.3%, 12 cases) than those with Plasmodium spp. monoinfection (23.4 + 8.4%,
1328 cases).

Sensitivity test. After excluding outliers**®2!%, the probability of Plasmodium spp. and Salmonella spp.
co-infection was estimated from 43 studies?5-3841:43-47:50-53,57,59.61,64-66,68,70,71,73,75,76,81,84,87,90-93,95-97,99-103,106,108_(Jyer-
all, Plasmodium spp. and Salmonella spp. co-infection occurred by chance (p, 0.148; odds ratio, 0.77; 95% CI
0.54-1.10; I2, 93.6%) (Supplementary Fig. S3). However, the use of a fixed-effects model in the meta-analysis
indicated that Plasmodium spp. and Salmonella spp. co-infection did not occur by chance (p <0.0001; odds ratio,
0.82; 95% CI 0.76-0.88; I2, 93.6%) (Supplementary Fig. S4).

Publication bias. Publication bias among the 43 included studies used for determining the probability of
Plasmodium spp. and Salmonella spp. co-infection was evaluated using a funnel plot and Egger’s test. The funnel
plot exhibited an asymmetrical distribution of ES, and the seES was far from the middle line (no effect) (Sup-
plementary Fig. S5). Egger’s test demonstrated no small study effect (p, 0.379; coeflicient, 1.62; standard error,
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Figure 8. Pooled prevalence of typhoidal/NTS and malaria co-infection using blood cultures for the
identification of Salmonella spp. infection stratified by regions. ES proportion estimate (multiply 100 units for
interpreted as prevalence estimate), CI confidence interval, NS not specified.

1.82; t,0.89). A contour-enhanced funnel plot analysis revealed missing studies in the significant areas (p <0.01)
(Supplementary Fig. S6), indicating that the funnel plot asymmetry was likely due to factors such as heterogene-
ity, selection bias, and quality of the included studies rather than publication bias.

Discussion

The present meta-analysis revealed a high prevalence of malaria and typhoidal/NTS co-infections among febrile
patients detected using the Widal test (14%) and a low prevalence of malaria and typhoidal/NTS co-infections
among febrile patients detected using blood cultures (1%). Moreover, the meta-analysis demonstrated that
the prevalence of typhoidal/NTS infection among patients with malaria using the Widal test was high (31%),
whereas the prevalence of typhoid/non-typhoid using blood culture was low (3%). A high prevalence of malaria
infections among patients with typhoidal Salmonella spp. infections (17%) and NTS (43%) was also detected.
The highest prevalence of co-infections detected using the Widal test was observed in Cameroon*, followed
by Nigeria®®*1*%7>90103 and Sierra Leone®”, compared with Ghana, India, Ethiopia, Tanzania, and Pakistan. In
using blood cultures, the gold standard method for the identification of Salmonella spp., the results indicated
that the highest prevalence of co-infection was reported in Nigeria®”*”#? compared with India, Tanzania, Ghana,
and Kenya. Based on these results, typhoid/non-typhoid and malaria co-infection among febrile patients fre-
quently occurred in Nigeria. In 2020, Nigeria accounted for the most malaria cases (27%) and malaria-related
deaths (23%) worldwide'. Moreover, typhoid fever is a major disease in Nigeria due to increased urbanization,
insufficient water supply, movement of immigrant workers, poor processing of human waste, and overuse of
antibiotics'®. Due to the co-endemicity of these two pathogens, the possibility of co-infection might increase
in this country.

Using the data from studies perfoming blood culture to identify typhoidal/NTS infection, the subgroup analy-
sis of typhoidal/NTS infection demonstrated low prevalence of malaria and typhoid co-infections among febrile
patients (1%) and low prevalence of typhoid among patients with malaria (6%). Moreover, the low prevalence of
malaria and NTS co-infections among febrile patients (1%) and NTS infection among patients with malaria (2%)
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Figure 9. Pooled prevalence of typhoidal and malaria co-infection using blood cultures for the identification
of Salmonella spp. infection stratified by time (publication year). ES proportion estimate (multiply 100 units for
interpreted as prevalence estimate), CI confidence interval, NS not specified.

was observed. The highest prevalence of malaria and typhoid co-infections among febrile patients was reported
in Nigeria, suggesting that malaria and typhoid are indeed halo-endemic in this area®. In the meta-analysis of
typhoid among patients with malaria, the highest prevalence of typhoid among patients with malaria was noted
in Nigeria***’. These results suggested an increasing episode of persistent fever among patients with S. typhi and
P, falciparum infections in Nigeria. For NTS infection among patients with malaria, the prevalence was higest in
Kenya, and NTS infection was the most common bacteremia in children with malaria®®. The high rate of bactere-
mia in patients with malaria in Nigeria might be due to the high prevalence of NTS infections and malnutrition®.

Using the data from studies performing blood culture to identify typhoidal/NTS infection, the subgroup
analysis of regions demonstrated that the prevalence of malaria and typhoidal/NTS co-infections were 1% in
both Africa and Asia. However, the prevalence of typhoidal/NTS among patients with malaria was higher in
Asia (6%) than those of Africa (2%). The difference in the prevalence of typhoidal/NTS co-infections between
two regions might be caused by the heterogeneity of the prevalence estimates between two regions or real dif-
ference caused by environmental factors. For example, studies in India suggested that malaria and typhoid are
endemic because of poor hygiene and environmental factors'*1%. In Africa, although the pooled prevalence
of typhoidal/NTS infection among patients with malaria was lower than those in Asia; the results of individual
studies were heterogenous. For example, the high prevalence of typhoidal/NTS infection among patients with
malaria were reported by four studies conducted in Nigeria®”**%783, while a lower prevalence was reported by
other studies included in the meta-analysis.

Scientific Reports |

(2021) 11:21889 |

https://doi.org/10.1038/s41598-021-00611-0 nature portfolio



www.nature.com/scientificreports/

Study ES (95% CI) Weight (%)
1. year 2012
Tabu et al., 2012 —_—— 0.00 (0.00, 0.01) 34.99

2. year 2014

Biggs et al., 2014 0.01(0.01,0.02) 29.56

3. year 2016

Krumkamp et al., 2016 —_—— 0.00 (0.00, 0.01)  35.45

Heterogeneity between groups: p = 1.000

Overall (12 = 92.31%, p = 0.00); <> 0.01 (0.00,0.01)  100.00

Figure 10. Pooled prevalence of NTS and malaria co-infection using blood cultures for the identification of
Salmonella spp. infection stratified by time (publication year). ES proportion estimate (multiply 100 units for
interpreted as prevalence estimate), CI confidence interval, NS not specified.

Using the data from studies performing blood culture to identify typhoidal/NTS infection, the subgroup
analysis of time (year of publication) showed that the prevalence of malaria and typhoid co-infections among
febrile patients, and typhoidal Salmonella infections among patients with malaria was highest in 2016, while lower
prevalence was reported in before and after 2016. In 2016, three studies conducted in Nigeria and Indja®®8%104
reported the highest prevalence rates of typhoid among patients with malaria. The peak of typhoid among patients
with malaria in 2016 was different from those of NTS infections among patients with malaria. The subgroup
analysis showed that the peak prevalence rate of NTS infection among patients with malaria was highest in 2011,
lower in 2012-2016, and 2001. These results indicated that the prevalence of NTS might decreased with time in
2011-2016, while the prevalence of typhoid among patients with malaria might not depend on time, which are
needed to be further investigated.

Using the data from studies performing blood culture to identify typhoidal/NTS infection, the subgroup
analysis of age of patients demonstrated that the prevalence rate of typhoidal/NTS infection among patients with
malaria was higher in adults (3%) compared to that in children (2%). The previous study showed that peaks of
NTS infection occurred in children aged <2 years and adults aged 25-40 years''’, while the lower rate of NTS
infection occurred in children aged less than 12 years old, and the proportion of hospitalization was decreased
with age!!!. These age groups were supported by the subgroup analysis of age that the prevalence of typhoidal/
NTS was higher in adults than in children. Nevertheless, as the limitation of age information in studies reported
typhoidal/NTS co-infections among febrile patients, the subgroups analysis of age might not represent the exact
difference in the prevalence of typhoidal/NTS co-infections between adults and children.

The present meta-analysis demonstrated a wide gap in prevalence of malaria and typhoid/non-typhoid co-
infections among febrile patients as measured by the Widal test and blood culture in analysis. The high rate
of typhoid/non-typhoid and malaria co-infections detected using the Widal test and low rate of co-infections
detected using blood cultures might be due to the lack of differentiation between Salmonella species/serotypes
by the Widal test and cross-reactivity with other Enterobacteriaceae®’. Moreover, false-positive Widal tests
have been reported in patients with malaria and other infections®. The malaria Plasmodium may share similar
strong immunogenic antigens with the typhoidal Salmonella (S. typhi); thus, Plasmodium infections could induce
the generation of antibodies against S. typhi antigens, leading to cross-reactivity and false-positive results*.
Furthermore, malaria loading strongly correlated with Salmonella antibody titers in numerous studies*’. This
cross-reaction of typhoidal/NTS antibodies with malarial antigen leads to overdiagnosis of typhoid fever’*!'2.
The Widal test also generates false-negative results if patients are tested during the early phase of typhoid fever.
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Figure 11. Prevalence of typhoidal/NTS infection among patients with malaria detected using diagnostic
tests for Salmonella spp. ES proportion estimate (multiply 100 units for interpreted as prevalence estimate), CI
confidence interval.
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Figure 12. Prevalence of typhoidal/NTS infection among patients with malaria using the Widal test for the
identification of Salmonella spp. infection stratified by countries. ES proportion estimate (multiply 100 units for
interpreted as prevalence estimate), CI confidence interval.

The high prevalence of typhoid fever may also be due to poor interpretation of the Widal test when diagnosing
typhoid fever!!®. Nevertheless, in Africa and other territories, the Widal test is the most common diagnostic
tool used for typhoid fever; owing to its low cost, ease of performance, and minimal training and equipment
requirements. Of note, false-positive results of the Widal tests in febrile patients suspected of having Salmonella
spp. infection may lead to incorrect treatment for malaria parasites. Thus, careful interpretation of the Widal test
for the diagnoses of typhoid fever in resource-poor countries is required, as the overdiagnosis of typhoid fever
can lead to unnecessary treatment of patients with antibiotics, microbial resistance, and poor outcome. The use
of Widal test alone for the diagnosis of typhoid fever will cause misdiagnoses.

Using blood cultures alone to identify Salmonella spp. infection may underestimate Salmonella spp. infec-
tions, as blood culture has a lower sensitivity compared with the Widal test. Negative blood culture test results
may be noted in patients with acute disease before the antibody response’. Based on the results of this study,
the Widal test should not be used alone but in combination with blood/stool cultures. Therefore, a combination
of the Widal test and blood and stool cultures is an excellent choice for diagnosing Salmonella spp. infection
among febrile patients or patients with malaria. Although the high laboratory expenses for combination testing
are difficult to overcome, the use of more than one diagnostic method to identify Salmonella spp. infections
among patients with malaria is important to prevent incorrect treatment and misdiagnoses of malaria and
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Figure 13. Prevalence of typhoidal/NTS infection among patients with malaria detected using blood cultures
for the identification of Salmonella spp. infection stratified by countries. ES proportion estimate (multiply 100
units for interpreted as prevalence estimate), CI confidence interval.

other acute febrile illnesses. Infections caused by typhoidal Salmonella, including S. typhi and S. paratyphi, and
the associated serious complications require treatment with antibiotics, including chloramphenicol, cefixime,
amoxicillin, trimethoprim/sulfamethoxazole, azithromycin, aztreonam, and cefotaxime, to prevent severe illness
and death>''*, NTS infections do not usually require treatment with antibiotics. However, complications, such
as septicemia and meningitis, require treatment with ciprofloxacin, ceftriaxone, and ampicillin, according to the
WHO?>!, Presently, antibiotic resistance of Salmonella species is an emerging threat, so reliable diagnostic test
and appropriate treatments for typhoid/non-typhoid fever are important.

The present meta-analysis demonstrated that Salmonella spp. bacteremia developed in approximately 2% of
patients with severe malaria. This occurrence was not much different from the Salmonella spp. bacteremia pooled
prevalence of 3% in patients with non-severe malaria. Several mechanisms have been suggested to elucidate
why patients with malaria may be predisposed to Salmonella spp. infection and bacteremia. First, immunosup-
pression occurs during malaria infection and treatment''®. Second, malaria can lead to hemolysis, which may
predispose patients to infection with Gram-negative bacteria, such as typhoidal Salmonella/NTS spp.®®. Third,
changes in iron storage metabolism from malaria-induced hemolysis cause neutrophil dysfunction and increased
susceptibility’'¢~18 Increased free iron from hemolysis may also promote the survival of Salmonella spp.”.
Fourth, the sequestration of parasitized red blood cells in the intestine causes reduced blood flow in the mucosal
gut barrier, which increases intestinal susceptibility to bacterial infection''*!?°. The high rate of NTS bacteremia
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Figure 14. Prevalence of typhoidal/NTS infection among patients with malaria using the Widal test for the
identification of Salmonella spp. infection stratified by age groups. ES proportion estimate (multiply 100 units
for interpreted as prevalence estimate), CI confidence interval, NS not specified.

is well described in patients with malaria-related severe anemia'?!. Severe anemia and hemolysis increase the
iron level in the blood and tissues; therefore, pathogens can be actively transported, and iron acquisition is
easier'?!. Based on our results, the increased risk of typhoidal Salmonella bacteremia in patients with severe
malaria might reflect the high rate of parasite sequestration and vital organ dysfunction. Moreover, bacteremia
cannot be excluded from patients with severe malaria; severe malaria is difficult to distinguish from bacterial
sepsis®®®. Therefore, the WHO guidelines for malaria recommend that children with severe falciparum malaria
in high-transmission areas should receive empirical broad-spectrum antibacterial therapy. However, empirical
antibiotics should not be administered to adults with severe malaria unless there is clear evidence of bacterial
infection'?. In the low-transmission areas, WHO suggests that physicians should determine whether patients
should receive antibiotics depending on the patient’s condition or parasitemia levels, but patients with severe
malaria should not be routinely treated with antibiotics'**!?*. In addition to the WHO guidelines, two studies
conducted in Myanmar®®7® stated that “clinicians should have a lower threshold for commencing empirical anti-
bacterial therapy in adults diagnosed with falciparum malaria in these locations than is presently recommended”

The present meta-analysis revealed that typhoidal/NTS and malaria co-infection occurred by chance when
the random-effects model was employed to combine the effect estimates. However, the subgroup analysis demon-
strated a decreased odds ratio of co-infection in children aged < 15 years, indicating that the current malaria infec-
tion was negatively associated with typhoidal/non-typhoidal Salmonella spp. infection in children®>#1:44465373,
Although the meta-analysis did not provide a significant outcome, individual studies demonstrated significantly
higher odds ratios of co-infection in Nigeria®-**$2909>97101 Cameroon*’, India'*, and Pakistan'* and significantly
lower odds ratio of co-infection in Nigeria®****!, Cameroon’*>%, Pakistan®>’’, Ghana*"*?, Tanzania*!, Kenya®,
and India**”!. Based on these results, the probability of co-infection varies. The fixed-effects model indicated
that typhoid/non-typhoid and malaria co-infection did not occur by chance or that there was an association
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Figure 15. Prevalence of typhoidal/NTS infection among patients with malaria using blood cultures for the
identification of Salmonella spp. infection stratified by age groups. ES proportion estimate (multiply 100 units
for interpreted as prevalence estimate), CI confidence interval, NS not specified.

between typhoid/non-typhoid and malaria co-infection in some way. Further studies are required to investigate
this association.

The present meta-analysis of case fatality rate of patients with co-infection demonstrated the high rate of mor-
tality (16%) without heterogeneity among the three included studies®***%2. These three studies enrolled patients
with severe malaria and co-infected with NTS and indicated that both diseases facilitate the higher fatality rate
than those of the malaria or NTS infection alone. Moreover, the meta-analysis of two studies”* showed a higher
mean parasitemia level in patients with malaria and co-infected with NTS compared to those with malaria alone
(without heterogeneity, 0%), but it is important to note the limitation in the number of included studies in the
analysis. Therefore, there is a need to investigate if co-infection of malaria and NTS leads to poor outcome or
demonstrated the association of both diseases.

This study had several limitations. First, most included studies were cross-sectional studies that determined
the prevalence of typhoidal/non-typhoidal Salmonella spp. and malaria co-infection. Therefore, data were not
available to determine the differences between co-infected patients and mono-infected patients. Second, the
number of studies evaluating the occurrence of Salmonella spp. bacteremia in patients with severe malaria was
limited; therefore, the pooled prevalence of Salmonella spp. bacteremia in patients with severe malaria might
not represent all patients with severe malaria. Third, the heterogeneity among the included studies used to deter-
mine the probability of typhoidal/non-typhoidal Salmonella spp. and malaria co-infection was high; therefore,
the association between typhoidal/non-typhoidal Salmonella spp. and malaria co-infection should be carefully
interpreted with the results from the sensitivity test. Compared with the previous systematic review??, the present
study excluded studies with recent malaria infection; most included studies used microscopy rather than RDTs
for malaria detection; and there was no publication bias among the included studies.
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Figure 16. Prevalence of NTS infection among patients with malaria using blood cultures for the identification
of Salmonella spp. infection stratified by age groups. ES proportion estimate (multiply 100 units for interpreted

as prevalence estimate), CI confidence interval, NS not specified.

In conclusion, whether typhoidal/non-typhoidal Salmonella spp. and malaria co-infection occurred by chance
or not, healthcare providers must provide support to patients with nonspecific clinical symptoms of malaria
or typhoidal/non-typhoidal diseases. In the present study, malaria associated with typhoidal/NTS infection in
children and the high case fatality rate among few co-infected patients were highlighted. Future prospective
longitudinal studies using the appropriate and confirmatory diagnosis for Salmonella spp. infections are highly
recommended to ensure the real prevalence of co-infection and highlight the outcome of co-infection for pro-
viding adequate treatment of co-infections in febrile patients who live in areas where malaria is endemic like

tropical Africa or India.
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Figure 17. Prevalence of typhoidal/NTS infection among patients with malaria using blood cultures for
the identification of Salmonella spp. infection stratified by typhoidal/NTS infection. ES proportion estimate

(multiply 100 units for interpreted as prevalence estimate), CI confidence interval, NS not specified.
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Figure 18. Prevalence of typhoidal/NTS infection among patients with malaria using blood cultures for the
identification of Salmonella spp. infection stratified by regions. ES proportion estimate (multiply 100 units for
interpreted as prevalence estimate), CI confidence interval, NS not specified.
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Figure 19. Prevalence of Salmonella spp. infection among patients with malaria using blood cultures for the
identification of Salmonella spp. infection stratified by time (publication years). ES proportion estimate (multiply
100 units for interpreted as prevalence estimate), CI confidence interval, NS not specified.
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Figure 20. Prevalence of NTS infection among patients with malaria using blood cultures for the identification
of Salmonella spp. infection stratified by time (publication years). ES proportion estimate (multiply 100 units for
interpreted as prevalence estimate), CI confidence interval, NS not specified.
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Figure 21. Pooled prevalence of typhoidal/NTS infection among patients with severe and non-severe malaria.
ES proportion estimate (multiply 100 units for interpreted as prevalence estimate), CI confidence interval.
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Figure 23. Pooled prevalence of malaria infection among patients with NTS. ES proportion estimate (multiply
100 units for interpreted as prevalence estimate), CI confidence interval.
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Figure 24. Probability of Plasmodium spp. and Salmonella spp. co-infections. OR odds ratio, CI confidence
interval, NS not specified.
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