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Malaria is a systemic febrile disease that may progress to prostration, respiratory distress, encephalopathy, anemia, and death. Malaria is also an established risk factor for invasive bacterial disease caused, in the majority of cases, by invasive enteropathogens and in particular by non-Typhoidal Salmonella (NTS). Whilst various malaria-related pathologies have been implicated in the risk of NTS bacteraemia in animal models, including intestinal dysbiosis and loss of gut homeostasis, clinical evidence is lacking. As a first step in gathering such evidence, we conducted a systematic review of clinical and epidemiological studies reporting the prevalence of diarrhoea among malaria cases and vice versa. Database searches for “plasmodium” and “diarrhoea” identified 1,771 articles; a search for “plasmodium” and “gastroenteritis” identified a further 215 articles. After review, 66 articles specified an association between the search terms and referred primarily, but not exclusively, to Plasmodium falciparum infections. Overall, between 1.6 and 44% of patients with acute malaria infection reported symptoms of diarrhoea (812 of 7,267 individuals, 11%) whereas 5–42% of patients presenting to hospital with diarrhoea had an underlying malaria parasite infection (totaling 749 of 2,937 individuals, 26%). However, given the broad range of estimates, a paucity of purposeful case control or longitudinal studies, and varied or poorly specified definitions of diarrhoea, the literature provides limited evidence to draw any firm conclusions. The relationship between malaria and gastrointestinal disturbance thus remains unclear. Carefully designed case-control studies and prospective longitudinal studies are required to confidently assess the prevalence and significance of intestinal manifestations of malaria parasite infection.
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INTRODUCTION

Malaria is a systemic, multi-organ disease characterized by fever, lethargy, headache, nausea, and muscle pains that may progress to prostration, respiratory distress, encephalopathy, anemia, and death (1). These symptoms result from the inflammatory response to the causative agent, Plasmodium spp., destruction of parasite-infected red blood cells (iRBC) and the ability of infected red blood cells to adhere to the endothelium of small blood vessels (2). Importantly, malaria is also an established risk factor for invasive bacterial disease caused, in the majority of cases, by invasive enteropathogens and in particular by non-Typhoidal Salmonella (NTS) (3, 4). Bacteraemia occurs in approximately 6.5% of severe malaria infections (4) and has a high case fatality rate (5).

Studies in laboratory animals have implicated a number of malaria-related pathologies in the increased risk of NTS bacteraemia including systemic neutrophil dysfunction (6), IL-10-mediated inhibition of antibacterial immunity (7), and intestinal dysbiosis and breakdown of gut homeostasis (8). Accordingly, mouse malaria infections have been associated with caecal inflammation (8), increased gut permeability (9), mononuclear infiltration (8, 9), and mastocytosis (10). Plasmodium spp. DNA can be detected in the feces of non-human primates (11, 12) suggesting that iRBC may be released during turnover of intestinal epithelium and an increased incidence of diarrhoea has been reported in Magellanic penguins (Spheniscus magellanicus) naturally infected with Plasmodium spp. (13). Together, these studies suggest that malaria infections may lead to intestinal pathology and that this may underlie the risk of systemic spread of enteropathogens.

There have been several reports of gastrointestinal symptoms, including nausea, vomiting, and diarrhoea, in patients with uncomplicated malaria (14–18) and diarrhoea is included in the World Health Organization list of malaria symptoms (19). However, as both uncomplicated malaria (20) and gastroenteritis (21) are common in malaria endemic regions of the world, as people in endemic areas may carry malaria parasites in their blood without any overt symptoms such that malaria can be an incidental finding in people with a variety of illnesses, and as several antimalarial drugs (including mefloquine, chloroquine, and doxycycline) can cause diarrhoea (1), it remains unclear whether malaria is a direct or indirect cause of diarrhoea or whether their occurrence is simply coincidental. For example, household clustering of reported malaria-like illness and all-cause diarrhoea in Malawi may reflect a causal relationship or simply shared and overlapping risk factors (22).

Although Plasmodium spp. infection alone can elicit mild inflammation (8) and dampen robust enteropathogen-induced intestinal responses (23) in rodents, there is little data on intestinal pathology in human malaria infections. Anecdotal reports from human autopsy studies include evidence of iRBC localization in intestinal mucosa with apparent sequestration of parasitized cells in villous capillaries (24, 25) and hemorrhages associated with the presence of iRBCs (26) but these represent only the most severe (i.e., fatal) malaria infections. The degree of intestinal pathology in mild malaria cases or in those with severe but non-fatal infections, and its relationship or not to the increased risk of bacteremia, thus remains undefined. As diarrhoea is a frequent consequence of intestinal inflammation, determining whether diarrhoea is a feature of Plasmodium spp. infection and/or malarial disease is a useful first step to understanding whether intestinal inflammation is either necessary or sufficient for bacterial translocation and subsequent bacteraemia.

To our knowledge, the evidence linking malaria infection to gastrointestinal symptoms was last reviewed in 1993 (27) and comprised only 7 small studies (numbers of subjects per study ranging from 1 to 26). We have therefore carried out a systematic review of the literature to estimate the prevalence of diarrhoea during acute clinical malaria infections with the aim of informing future research into the contribution of malaria-induced gastrointestinal disease in invasive bacterial disease and other comorbidities.



MATERIALS AND METHODS


Search Strategy

Reports were retrieved through systematic searches of electronic databases using search terms “plasmodium” AND “diarrh*” (to accommodate various spellings of diarrhoea); for databases where * was not an allowed term, the search terms were “plasmodium” AND “diarrhoea” OR “Diarrhea.” Web of Science, Embase, Google Scholar, and PubMed were searched on the 23rd of January 2020 and the Global Health CABI database was searched on the 28th of January 2020, all in accordance with established guidelines (28). In addition, searches using the terms “plasmodium” AND “gastroenteritis” were performed on 20 August 2020 in PubMed, Web of Science, and Google Scholar. Articles in English, without any restriction on publication date, were imported into the Covidence systematic review software (Veritas Health Innovation, Melbourne, Australia). Given the very large number of hits with low relevance, and in line with best practice (28), only the first 200 articles (sorted by relevance) returned by Google Scholar were included.



Article Screening

Titles and abstracts were independently screened for inclusion or exclusion by two reviewers (IS and JM), with conflicts requiring discussion and unanimous resolution. Key words for initial inclusion included; “malaria”, “plasmodium,” “diarrhoea,” “Diarrhea,” “dysentery,” “gut,” “intestine”; keywords for exclusion included “drug trial” and “adverse event,” as medication-induced diarrhoea was not of interest here. Full-texts of all provisionally included studies were obtained via The University of Edinburgh library DiscoverEd service, including both electronic and print editions. Articles were eligible for final inclusion if they met the following criteria: (1) had confirmed the diagnosed infection with Plasmodium spp. using microscopy, a rapid diagnostic test (RDT) or PCR (polymerase chain reaction), (2) reported on the prevalence or incidence of diarrhoea during an episode of clinical malaria, (3) were confirmed to be in English, and (4) the full text article was available for review. As a further check for consistency, at the end of the process 50 articles were randomly selected from the excluded pool of papers and re-reviewed (Supplementary Table 1).



Data Extraction and Meta-Analysis

The following variables were extracted: country, study site, sample size, diagnostic methods used for malaria (i.e., microscopy, RDT, or PCR), Plasmodium species, proportion with malaria and diarrhoea, age and sex of participants, comorbidities, and equivalent data for controls (where applicable). Manuscripts were classified as Group 1: case reports; Group 2: diarrhoea reported secondary to malaria infection; and Group 3: reports of diarrhoea in which malaria prevalence was recorded. Case reports in Group 1 were qualitatively assessed. The overall prevalence of diarrhoea in individuals with malaria was estimated by combining subject level data from studies in Group 2 and the prevalence of malaria in individuals with diarrhoea was estimated by combining subject level data from studies in Group 3. Where data were available from a suitable control group without the presenting condition, odds ratios were calculated. Extracted data were organized and graphed using Microsoft excel and GraphPad Prism 8.




RESULTS

In total, 1,986 unique records were identified using the search terms “plasmodium” and “diarrhoea” or “plasmodium” and “gastroenteritis” (Figure 1). Of these, 410 articles met the criteria for provisional inclusion for full text review (primary sift) and, of these, 22 case reports (Group 1) and 44 research articles (36 in Group 2 and 8 in Group 3) met the criteria for final inclusion (secondary sift) (Figure 1). Examples of articles excluded at the primary sift are shown in Supplementary Table 1 and a summary of the reasons for exclusion of articles at the secondary sift is given in Supplementary Table 2.


[image: Figure 1]
FIGURE 1. An illustration of the search process, as outlined by the “Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA).” Following database searches for “Plasmodium AND Diarr*,” “Plasmodium AND Diarrhoea OR Diarrhea,” or “Plasmodium AND Gastroenteritis” a total of 2,550 articles were identified. One relevant article was added which was not found by the search scheme (29). All abstracts were imported into Covidence software for subsequent double-blind review. Five hundred sixty-four duplicates were removed, leaving 1,986 for title and abstract screening. Articles were included if keywords were mentioned in the title or abstract; including “malaria,” “Plasmodium,” “diarrhoea,” “dysentery,” “gut,” and “intestine.” Articles were then grouped according to study type and primary presenting syndrome. *Of the 1,576 excluded articles, 50 were randomly re-reviewed for exclusion, with reasons reported in Supplementary Table 1. Four hundred ten full-text articles were screened and 344 were excluded, with reasons reported in Supplementary Table 2. In all, 66 articles qualified for data extraction. ‡Case reports accounted for 22 articles. §Thirty-six articles reported diarrhoea secondary to the presentation of malaria parasite infection. ||Eight articles reported malaria as a condition underlying the presentation of diarrhoea.


Qualitative data were extracted from case reports for residents of malaria endemic areas (n = 7 reports; Supplementary Table 3) and for travelers (n = 15 reports; Supplementary Table 4). Quantitative analysis of diarrhoea prevalence was performed using data from cohort studies in endemic areas where diarrhoea was reported at the time of presentation to a health care facility with a primary diagnosis of malaria (n = 24 studies; Table 1 and Figure 2A), among travelers to malaria endemic areas presenting at hospital with a primary diagnosis of malaria (n = 8 studies; Table 2 and Figure 2B) and on data captured during community surveys (n = 4 studies; Table 3 and Figure 2C). Finally, the prevalence of Plasmodium infection was analyzed among individuals where diarrhoea was the primary clinical presentation at a health care facility (n = 8 studies; Table 4 and Figure 3). Where prevalence estimates were reported in controls, odds ratios (OR) were calculated (Tables 5, 6).


Table 1. Prevalence of diarrhoea in patients who present in hospital with malaria in a malaria-endemic area.
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FIGURE 2. Prevalence of diarrhoea in subjects with malaria. Studies are grouped by setting: (A) patients seeking care in a hospital setting in an endemic area, (B) community survey; (C) malaria in travelers admitted to hospital on their return home. Dotted line represents the prevalence estimate from the combined data: (A) 13%, (B) 9%, and (C) 9%. Symbols denote the age of the studied cohort: children (circle), adults (square), or all ages (diamond).



Table 2. Prevalence of diarrhoea in patients who present with malaria after traveling to a malaria-endemic area.
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Table 3. Prevalence of diarrhoea in patients who present with malaria in a malaria-endemic community setting.
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Table 4. Prevalence of malaria in patients with underlying diarrhoea.
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[image: Figure 3]
FIGURE 3. Prevalence of malaria parasitaemia in patients with diarrhoea. Summary of studies where diarrhoea was the primary presentation and malaria parasite infection was subsequently ascertained. Dotted line represents the prevalence estimate from the combined data (26%). All studies were conducted in children.



Table 5. Odds ratio of presenting with diarrhoea secondary to malaria, when compared to “controls” without malaria.
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Table 6. Odds ratio of having underlying malaria when presenting with diarrhoea, compared to “controls.”
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Qualitative Findings—Case Reports

A third of articles found (22/66; 33%) were descriptive reports of diarrhoea in patients presenting with malaria, either living in or with recent travel to malaria endemic areas (Supplementary Tables 3, 4). Seven papers describe a total of 8 cases (aged 8–69 years) from endemic populations. Six papers reported a history of diarrhoea prior to arrival at hospital (with a duration of 2 days to 4 weeks) and patients were diagnosed with either P. falciparum (n = 4), P. malariae (n = 2), or P. vivax (n = 1) malaria. One case of constipation lasting 4 days, and resolving after antimalarial treatment, was reported in a Cameroonian patient with P. falciparum malaria (70). Coinfections were frequent in this group, with schistosomiasis and leishmaniasis (71), borreliosis (72), and Salmonella Typhi (73) infections complicating the attribution of diarrhoea. Of particular concern, a fatal outcome was reported for a patient from Sarawak who presented with epigastric pain, fever, vomiting and diarrhoea and was diagnosed with acute gastroenteritis; only after failure to respond to treatment was a malaria blood film examined, revealing >750,000 P. malariae iRBC per microliter of blood (74).

Fifteen papers reported cases among 20 travelers (aged 3–84 years) from malaria non-endemic to endemic areas, of whom 16 reported diarrhoea in the presence of malaria (8 P. falciparum, 4 P. vivax, 1 P. knowlesi, and 3 P. ovale). In most cases, diarrhoea was associated with onset of other symptoms of malaria, with duration of between 1 and 14 days prior to seeking treatment (median 3 days). In one case, diarrhoea was persistent (4 months) but likely associated with underlying HIV infection and coccidiosis rather than the acute malaria episode (75) and in another case, the onset of bloody diarrhoea 2 days after admission to hospital with severe malaria was likely associated with coinfection with Crimean Haemorrhagic Fever (76). Gross pathology by endoscopy of the duodenum showed a thick irregular mucosa with multiple erosions in a patient with P. falciparum and acute onset bloody diarrhoea (77).

Taken together, these case reports suggest that acute onset abdominal pain and/or diarrhoea may accompany the onset of other malarial symptoms and may be a feature of infection with any of the human-infective Plasmodium spp.; in severe cases, this may obscure or delay the diagnosis of malaria, with potentially fatal outcome. Although, by their very nature, case reports tend to report unexpected or atypical findings and cannot be relied upon for drawing generalizable conclusions (78), these case reports do reveal that diarrhoea associated with malaria—especially when severe and/or bloody—may be indicative of a concomitant infection that warrants further clinical investigations.



Quantitative Findings—Diarrhoea Associated With Acute Malaria Episodes

We identified 32 health facility-based studies (24 in endemic settings and 8 in non-endemic settings) and 4 community studies of acute malaria cases in which the prevalence of diarrhoea was reported. In all but two studies, malaria diagnosis, and speciation were performed solely by microscopy and definitions of diarrhoea were provided for only 4 studies. The 32 studies comprised 7,267 individuals, of whom 812 (11%) were reported to have diarrhoea (Tables 1–3). Variation in prevalence of diarrhoea by age, sex, Plasmodium species, or severity of disease cannot be confidently assessed with the data available, as discussed in detail below.

Of the 24 hospital-based studies in endemic areas, five were case-control studies with the remainder being cohort studies of varying design (Table 1). Nine studies were from Africa, 7 from the Indian subcontinent, 5 from east and southeast Asia, 2 from the Middle East and 1 from Latin America. In 15 studies, P. falciparum was the only malaria parasite reported; 5 studies reported both P. falciparum and P. vivax cases with some mixed infections, 2 studies reported P. falciparum, P. vivax and P. malariae infections, whereas 1 study each reported P. vivax or P. knowlesi cases only. The prevalence of diarrhoea ranged from 1.6% [in a study of 59 children from Pakistan; (45)] to 43.8% [among 96 adults from South Sudan; (49)], with an overall prevalence of 13.5% (474 reports of diarrhoea among 3,513 malaria cases) (Table 1 and Figure 2A). Two case-control studies reported prevalence of diarrhoea in febrile patients with or without a Plasmodium positive blood smears in the context of either HIV (33) or Typhoid (40) infections. Four studies included febrile patients who were either malaria positive or malaria negative by microscopy (32, 38, 51, 62); in three of these studies the odds ratio of presenting with diarrhoea secondary to malaria was not significantly different from 1 whereas in one study the OR of 0.39 (95% CI 0.22, 0.68) was suggestive of a lower prevalence of diarrhoea in malaria cases compared to malaria uninfected patients (Table 5). Taken together, these data suggest that diarrhoea is not more common among malaria patients than among patients attending hospital for other reasons. However, this does rule out that diarrhoea may be more common among people with malaria than among malaria-uninfected people at a community level.

The 8 studies of travelers to malaria endemic areas who subsequently reported to hospitals in non-malaria-endemic regions comprised a total of 1,644 people, of whom 153 (9%) reported diarrhoea (Table 2 and Figure 2B). Prevalence within studies ranged from 1.1% [in a study of 89 returning pilgrims to Yemen and Egypt (60)] to 41.7% [in a study of 24 patients presenting at a New York City hospital (55)]. As might be expected, these case series tended to include people of all ages, traveling from different countries and infected with any of the human-infective malaria species. There will, of course, be many differences, including differences in immunity to malaria and gastrointestinal pathogens, between travelers and endemic populations that may affect their likelihood of developing diarrhoea during a malaria infection and data from travelers cannot be taken to infer what might be seen in endemic communities. Nevertheless, comparing data from travelers and residents of endemic areas may help to identify risk factors for diarrhoea associated with malaria infection.

Somewhat surprisingly, we identified only 4 studies that reported the prevalence of diarrhoea in community surveys of malaria (Table 3 and Figure 2C) and in only 1 of these studies was the prevalence of diarrhoea reported in malaria-negative cases. These were all prospective studies in children and teenagers and, in two cases, also in adults and reported P. falciparum and P. vivax cases. Prevalence of diarrhoea ranged from 4.7% [in a study of 976 children and teenagers in India (60, 62)] to 14.4% [in a study of 689 villagers of all ages in Senegal (79)], with an overall prevalence of 9% (185 reports of diarrhoea among 2,110 malaria cases).



Quantitative Findings—Prevalence of Malaria in Patients Presenting With Diarrhoeal Disease

We identified 8 studies where malaria prevalence was recorded for patients presenting with a primary diagnosis of diarrhoea; all of the studies are in children, 7 studies are from Africa with one from Indonesia and all were related to P. falciparum infections (Table 4 and Figure 3). Three of the studies were cross-sectional studies of diarrhoea patients, 3 were prospective studies to investigate the prevalence of malaria during episodes of diarrhoea and 2 were case-control studies of patients with or without diarrhoea. The reported prevalence of malaria parasitaemia among patients with diarrhoea ranged from 9.2% [in a study of 240 children from Ghana (65)] to 38.2% [in a study of 650 children from Nigeria (67)], with an overall prevalence across all 8 studies of 26% (749 of 2,937 diarrhoeal cases) (Table 4). Four studies reported malaria prevalence in a control group to determine whether patients with diarrhoea were more or less likely to have malaria parasitaemia (Table 6). Sodemann et al. drew controls from the community and found no difference in malaria prevalence in individuals with or without diarrhoea (64). The other three studies were drew their controls from hospital admissions, consisting largely of febrile patients [69% (63) and 75% (29)]. In the study by Ashie et al., Ghanaian children under the age of 5 years presenting with a history of 3 or more watery or loose stools within the preceding 24 h, were 12-fold more likely to have concomitant malaria parasitaemia (adjusted OR = 10.7, 95% CI 1.42, 80.4, p = 0.02) than age-matched subjects attending the clinic for other reasons and with no history of diarrhoea for at least 21 days (65). However, the extremely low prevalence of malaria in the hospitalized control group (0.9%) in this study raises concerns, suggesting some form of bias as a contemporaneous studies from the same location (Kumasi) showed a high prevalence of malaria in this age group [52% in 2017 (82)] with relatively stable malaria prevalence since 2010 (83). Recognizing the potential impact of the easy availability of antimalarial drugs in many malaria-endemic communities on such studies, Sodemann et al. cautioned that their failure to find any association between diarrhoea and parasite rate, parasite density or clinical malaria in a nested case-control study in Guinea-Bissau, where the overall prevalence of malaria parasites was a surprisingly low 0.7%, did not preclude that diarrhoea may be a sign of clinical malaria (64). Lastly, both Sodeinde et al. (35) and Ibadin et al. (67) found that malaria parasitemia was more prevalent in diarrhoeal patients who were dehydrated; diarrhoea was reported as acute and watery rather than persistent and bloody (67). The extent of dehydration may be an indirect measure of the severity of diarrhoea and needs to be recorded since the consequent haemoconcentration may distort the calculation of parasitaemia unless adjusted for erythrocyte count.




DISCUSSION

This review has revealed widely varying estimates of the relationship between malaria infection and diarrhoea. Whilst this may reflect genuine differences in the impact of malaria infection on intestinal health, it may also reflect limitations in the way in which the search was carried out (our search was driven by the presence of search terms in the title, keywords or abstract favoring identification of studies where an association was found and was a significant conclusion of the study) and in the way data were collected (with very few appropriately designed studies on which to base robust estimates of any association). Given that the presentation of malaria is so non-specific, it is surprising how few studies (44 of 1,986 eligible studies; 2.2%) actually reported the prevalence of diarrhoea, raising the distinct possibility of publication bias. Furthermore, a definition of diarrhoea was provided in only 10 (23%) of these 44 studies, meaning that there may also have been considerable ascertainment bias. Self-reported diarrhoea is highly subjective, reflecting a deviation from what is considered normal for that person (84) or in that community (85, 86) and may be associated with differences in gut microbiota species richness (87). Finally, very few of the studies compared the prevalence of diarrhoea in malaria patients with that in controls or vice versa. Given that both malaria and diarrhoea are very common in many malaria endemic communities (35), may show similar seasonal variation associated with seasonal rains (62), and that people in endemic areas may carry malaria parasites in their blood without any overt symptoms such that malaria can be an incidental finding in a variety of illnesses, it is important to rule out coincidental occurrence of these two syndromes. Only four of the studies included in this review attempted to rule out other infectious causes of diarrhoea with stool cultures [(66, 68, 69); Table 4], and only one of these included stool cultural analysis from appropriate controls (65). Although anecdotal, given it is a single study, Reither et al. (68) found that P. falciparum infection occurred at similar prevalence in diarrhoeic patients with and without a clearly identified cause of diarrhoea but that malaria was more frequently symptomatic in children without an identified enteropathogen.

Although much of the data on the relationship between diarrhoea and malaria is difficult to interpret, it is notable that none of the 4 studies comparing the prevalence of diarrhoea in malaria cases and controls found evidence of a significant positive association (Table 5), suggesting that diarrhoea may not be causally associated with febrile malaria. However, these were all studies where the selection of controls is in itself highly problematic given that diarrhoea can be a genuine symptom of many illnesses leading to presentation at hospital. Longitudinal, community-based studies with clear definitions of both clinical malaria and diarrhoea are needed to properly ascertain the relationship between these two syndromes. It is likely that many prospective studies of malaria-associated illness, including large, carefully controlled intervention studies, have collected data on symptoms including diarrhoea but have not reported the data in such a way that any association can be inferred. For example, a trial of seasonal malaria chemoprophylaxis conducted in The Gambia included a longitudinal control group who did not receive prophylaxis (88); analysis of the raw data may determine whether children experiencing an episode of febrile malaria had a concurrent episode of diarrhoea. A meta-analysis of raw data sets from similar studies may help to provide a more robust answer to the question of whether malaria causes significant intestinal pathology.

Very few studies presented a breakdown of the prevalence of diarrhoea and malaria by age, parasite density, parasite species or severity of malaria, all of which may affect the strength of any association. Sodiende et al. found that parasite density did not predict the likelihood of concurrent diarrhoea (29) although, interestingly, the majority of incidents of malaria-associated diarrhoea were in individuals with relatively low parasite densities (<1,000 parasites/μl in 52% of patients) (29). Given this observation, it may also be worthwhile to explore the prevalence of diarrhoea in people with low or very low level malaria infections, including those with submicroscopic infections (detectable by PCR). Only three the studies in this review included infections detected by PCR, despite their clinical importance (89), raising the possibility—for the case control studies—that some of the “controls” may in fact have carried subclinical malaria infections.

Although diarrhoea was reported in conjunction with all of the human-infective malaria species, the majority of the studies (82%) related to P. falciparum infection. Five studies were able to stratify diarrhoea prevalence by Plasmodium species (P. falciparum vs. P. vivax); of these, one study found a significant 4-fold higher risk of diarrhoea among P. falciparum cases compared to P. vivax but this was not confirmed elsewhere (Supplementary Table 5). Future studies comparing the incidence of diarrhoea in association with different malaria species, especially comparing sequestering and non-sequestering parasites, may throw light on the mechanisms of any underlying intestinal pathology. Similarly, although anecdotal clinical data suggest a higher incidence of diarrhoea in malaria-infected adults compared to children, a suggestion that is supported by a superficial comparison of the studies included here, there are many potential confounders of this association that cannot be explored with the currently available data and it would unwise to draw any conclusions without further studies. In summary, there is currently insufficient evidence to determine whether parasite species or density, or the age of the subject, affects the relationship between malaria infection and diarrhoea.

Our systematic search identified very few studies of intestinal pathology in people with malaria infections, although we did not search explicitly for this term. Nevertheless, the earliest publication we were able to access, concerning a series of fatal malaria cases among British soldiers serving in Macedonia in 1916–1917, reported intestinal pathology in eleven of 50 cases (26). The most frequent observations were congestion of the blood-vessels, villous and submucosal hemorrhages, localized patches of necrosis and, in three cases, obstruction of intestinal capillaries by parasitized red blood cells. In other studies, P. falciparum infection has been associated with increased intestinal permeability (90) and parasites have been reported in the intestinal mucosa in human autopsy studies; this has been described as parasite sequestration (in villous capillaries) (24, 25, 91). These observations, although few in number, are consistent with observations from experimental studies in animal models (8, 9, 92) suggesting that more detailed investigations of human intestinal material may be worthwhile.

As there is a potential for bias in restricting the analysis to studies published in English we performed a search for articles not in English but with English abstracts or keywords and identified 305 hits (0 in PubMed, 26 in Web of Science, 82 in EMBASE/OVID, and 197 in CABI Global Health); the majority were reviews or conference abstracts (reflecting the nature of the CABI Global Health database). Only one article appeared relevant from the English abstract [a study of 61 children in Brazil of whom 34% were reported to have diarrhoea (93)], but a full-text review of the article (in Portuguese) was not performed. A search using foreign language terms may reveal additional papers (i.e., lacking English abstracts or keywords) but translation of such information was beyond the scope of this study.

In summary, this systematic review of the literature has revealed very diverse estimates of the prevalence of diarrhoea in malaria patients and vice versa; these estimates are based on a relatively small number of studies and interpretation of the data is hampered by numerous limitations including diverse demographics, imperfect methodologies, lack of clear definitions of diarrhoea, and lack of access to raw data. We conclude, therefore, that there is currently insufficient evidence to determine whether diarrhoea is a significant feature of malaria infection and thus whether malaria-associated intestinal pathology might underlie the increased risk of enteropathogenic bacteraemia associated with malaria. It is likely that a review of existing data sets from large community-based studies, including longitudinal cohort studies and randomized controlled trials of malaria interventions such as vaccines and insecticide treated bed-nets, could reveal such associations, if they exist, as such studies tend to adhere to rigorous standards of data collection and analysis including detailed demographic data and consistent case definitions. In support of this assertion, an initial examination of the publicly accessible database for the Global Enteric Multi-Center Study (GEMS) (a case-control study of acute diarrhoea in almost 10,000 children under 5 years of age) suggests that 25% of children with diarrhoea but only 8% of controls had concomitant malaria infections (https://clinepidb.org/ce/app/record/dataset/DS_841a9f5259). Alternatively, comprehensive longitudinal cohort studies, accompanied by detailed characterization of both the malaria infection (species, density, impact, and duration of infection) and any associated intestinal symptoms (frequency and consistency of stools, presence of blood, mucus, and pathogenic micro-organisms) are required to determine the clinical and biomedical importance of intestinal disease associated with malaria infections.
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