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The role of interactions between intestinal pathogens in diarrheal disease is uncertain. From August 2010 to July
2011, we collected stool samples from 723 children admitted with diarrhea (cases) to 3 major hospitals in Dar es
Salaam, Tanzania, and from 564 nondiarrheic children (controls). We analyzed the samples for 17 pathogens and
assessed interactions between coinfections in additive and multiplicative models. At least one pathogen was de-
tected in 86.9% of the cases and 62.8%, of the controls. Prevalence of coinfections was 58.1% in cases and 40.4%
in controls. Rotavirus, norovirus genogroup |, Cryptosporidium, and Shigella species/enteroinvasive Escherichia
coli were significantly associated with diarrhea both as monoinfections and as coinfections. In the multiplicative
interaction model, we found 2 significant positive interactions: rotavirus + Giardia (odds ratio (OR) = 23.91, 95%
confidence interval (Cl): 1.21, 470.14) and norovirus Gll + enteroaggregative E. coli (OR = 3.06, 95% CI: 1.17,
7.98). One significant negative interaction was found between norovirus Gll + typical enteropathogenic E. coli
(OR =0.09, 95% CI: 0.01, 0.95). In multivariate analysis, risk factors for death were presence of blood in stool and
severe dehydration. In conclusion, coinfections are frequent, and the pathogenicity of each organism appears to
be enhanced by some coinfections and weakened by others. Severity of diarrhea was not affected by coinfections.

biological interactions; coinfections; diarrheal disease; monoinfections; pathogenicity

Abbreviations: AF, attributable fraction; AP, attributable proportion; EAEC, enteroaggregative Escherichia coli; EIEC, enteroinvasive
E. coli; EPEC, enteropathogenic E. coli; ETEC, enterotoxigenic E. coli; Gl, genogroup |; Gll, genogroup II; HIV, human immunodeficiency
virus; PCR, polymerase chain reaction; RERI, relative excessive risk due to interaction.

It is estimated that 6.3 million children worldwide die every
year, with nearly half of deaths occurring in sub-Saharan Africa
alone (1). Despite the substantial decrease in mortality due to
diarrhea (2, 3), diarrhea morbidity is still high, with an estimated
1.731 billion episodes of diarrhea for the year 2010 (3). The
majority of deaths from diarrheal disease are of children below
2 years of age (3).

The etiology and epidemiology of infectious diarrheal dis-
ease in young children has been widely documented in differ-
ent parts of the world (4, 5). In addition, the causative viruses,
bacteria, and parasites have been well characterized (4, 5).

Each diarrhea pathogen is capable of causing disease alone,
but diarrhea also occurs in the presence of 2 or more pathogens,

herein referred to as coinfections. Several studies have reported
diarrhea caused by coinfections in both developed (6-8) and
developing countries (4, 9-12).

The association of coinfections and clinical severity is con-
troversial. Some studies have found that coinfections may cause
more severe diarrhea than infection with either pathogen alone
(7,9, 10). Other studies reported no differences in clinical sever-
ity between monoinfection and coinfections (13—15).

We previously described the epidemiology of viral (16—18)
and parasitic (19) intestinal pathogens in Dar es Salaam, Tan-
zania. In this study, particular attention was paid to report-
ing coinfections, in order to give comprehensive analysis of
common bacterial, viral, and parasitological causes of diarrthea
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in children and to assess the role of coinfections. In addition,
by estimating pathogen interaction using the additive and mul-
tiplicative models, we have described possible biological in-
teractions between coinfecting pathogens.

METHODS
Ethics statement

We received ethical approval from the Senate Research
and Publications Committee of Muhimbili University of Health
and Allied Sciences in Dar es Salaam, Tanzania, and from
the Regional Committee for Medical and Health Research
Ethics in Western Norway. Parents/guardians provided writ-
ten informed consent on behalf of each child participating in
the study. Permission was also obtained from the authorities
of study hospitals.

Study population

This unmatched case-control study was conducted between
August 2010 and July 2011. The study enrolled 1,287 children
less than 2 years of age. Cases (n = 723) were children admitted
with diarrhea, and controls (n = 564) were children attending
child health clinics for immunization and growth monitoring or
who were admitted due to diseases other than diarthea. Cases
enrolled in this study were admitted to 3 major hospitals of Dar
es Salaam: Muhimbili National Hospital, Amana Regional
Referral Hospital, and Temeke Regional Referral Hospital.

Case and control definitions

Cases were defined as children having 3 or more loose stools
in a 24-hour period. This included children with acute diarrhea,
persistent diarrhea, and presence of blood in stool. Controls were
eligible if they were free of diarrhea in the previous 1 month.

Stool specimen collection

We collected a single stool specimen in sterile plastic con-
tainers from all cases and controls on the day of enrollment.
A portion of stool specimen was frozen at —70°C on the same
day that it was collected.

Collection of demographic and clinical information

Demographic and clinical information was obtained using a
standardized questionnaire, as detailed previously (17). Briefly,
we collected information on age (date of birth), sex, place
of residence, parent/guardian level of education, and history
of antibiotic use prior to admission. Consistency of stool
(watery, bloody) and duration of diarrthea was also recorded.

Detection of enteric pathogens

Rotavirus and adenoviruses were detected using enzyme-
linked immunosorbent assay while norovirus genogroups I
(GD) and II (GII), Cryptosporidium, Giardia, and Entameoba
histolytica were detected using real-time polymerase chain
reaction (PCR) techniques as previously published (16-19).
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For detection of enteric bacteria, real-time multiplex PCR
with primers and probes, described previously (20), was used
for detection of ipaH, invA, aggR, eae, STh, STp, and LT genes
to detect Shigella species/enteroinvasive E. coli (EIEC), Sal-
monella species, enteroaggregative E. coli (EAEC), atypical
enteropathogenic E. coli (EPEC), STh and STp heat-stable
toxin—producing enterotoxigenic E. coli (ST-ETEC), and
heat-labile toxin—producing ETEC (LT-ETEC). We modi-
fied primers published by Iida et al. (21) and designed new
probes to detect bfpA genes for typical EPEC. For detection
of cadF genes for Campylobacter jejuni, primers and probes
published by Elfving et al. (22) were used. PCR conditions
used were as previously described (20). In order to determine
whether the pathogen was present at a level that might cause
diarrhea, we used cycle thresholds. Cycle thresholds show the
number of cycles needed to detect a signal from the sample
and are inverse to the amount of nucleic acid that is in the
sample. For all bacteria and for norovirus GI and GII, cycle-
threshold values above 33 were defined as negative. For proto-
zoans Giardia and Cryptosporidium species, a cycle-threshold
value of above 37 was defined as negative. Stool was also cul-
tured on thiosulfate-citrate-bile salts-sucrose agar (TCBS) media
within 6 hours after collection for detection of Vibrio cholerae,
and identification was done locally by conventional methods.
All other laboratory analysis was performed at the University of
Bergen.

Statistical analysis

Statistical analysis was performed using Stata, version 13
(StataCorp LP, College Station, Texas). A binary logistic regres-
sion model was used to estimate pathogenicity for each patho-
gen (i.e., odds ratios) (23) in any infection (i.e., when all
pathogens (monoinfection and coinfections) detected in
each child were included). In order to see the effect of coinfec-
tion, we also calculated odds ratios separately for monoinfec-
tion and coinfections detected for each child. To account for
potential confounding by age and sex, all models were adjusted
for age in months and sex of the child. Except for V. cholerae,
which was detected in only 1 child, we included all detected
pathogens from stool samples for each child in the regression
model. In order to control and check for stability of results, the
95% confidence intervals were estimated by bootstrapping the
data (by repeating the process of random sampling and replace-
ment of data 1,000 times) to produce estimates associated with
each statistic.

To estimate pathogen-specific disease burden, we calculated
attributable fraction (AF) by using odds ratios derived from the
multivariate analysis with 95% confidence intervals and patho-
gen prevalence among patients with diarrhea (24) using the
STATA-punafcc package. Because this was a case-control
study, odds ratios were used as an approximation of risk ratios
to calculate AF (25). AF was derived from a multiple logistic
regression model adjusting for presence of other pathogens
significantly associated with diarrhea. Age and sex were also
included in the model. AF was calculated across ages and in 2
age strata (children aged <11 months and >11 months).

The biologic interaction between coinfecting pathogens associ-
ated with diarrthea was assessed using additive- and multiplicative-
scale models, as previously described (26). VanderWeele (26)
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found that in case-control studies of rare outcomes, odds ratio
can approximate risk ratios to calculate relative excess risk due
to interaction (RERI) as well as attributable proportion (AP).

For assessment of biological interactions between coinfect-
ing pathogens in the additive model, STATA/IC (StataCorp
LP) was used to produce odds ratios, RERI, AP, and their 95%
confidence intervals (see Web Appendix 1, available at https://
academic.oup.com/aje). The model adjusted for the effect of
age and sex. Interaction existed if the RERI value was not equal
to zero. To assess biological interactions in the multiplicative
model, we used a logistic regression model with an interaction
term containing 2 coinfecting pathogens. Interactions existed if
the multiplicative interactions value was not equal to 1.

Univariate and multivariate regression analyses were used
to assess the risk factors for death. The factors included in the
multivariate model were 3 pathogens significantly associated
with diarrhea in univariate analysis and clinical characteristics
(age group, presence of blood in stool, lack of breastfeeding,
presence of dehydration, duration of diarrhea, malnutrition,
and human immunodeficiency virus (HIV) status) for children
admitted with diarrhea. Breastfeeding was recorded only for
children aged 7—12 months, who are expected to breastfeed.
The model was adjusted for age, sex, and history of antibiotic
use during the previous 14 days.

To assess the differences in clinical characteristics between
monoinfection and coinfections, we performed multivariate
analysis that included all the clinical characteristics, nutritional
status, type of diarrhea, presence of dehydration, HIV status,
presence of blood in stool, and death.

RESULTS

The study included 1,287 children: 723 cases and 564 con-
trols. Malnutrition was more prevalent among children aged
>11 months than among children aged <11 months as follows:
underweight, 60.1% (298/496) versus 43.0% (340/791) (odds
ratio (OR) =2.0, 95% confidence interval (CI):1.59, 2.51);
stunting, 64.3% (319/496) versus 60.4% (478/791) (OR = 1.2,
95% CI: 0.94, 1.49); wasting, 34.7% (172/496) versus 20.6%
(163/791) (OR = 2.05, 95% CI: 1.59, 2.63). Persistent diar-
rhea was more prevalent among children who were HIV-
positive than among those who were HIV-negative (8/26
for 30.8% versus 7/80 for 8.8%; OR = 4.64, 95% CI: 1.49,
14.46). Demographic and clinical characteristics of the study
population are shown in Web Table 1.

Detection of pathogens

We searched for 17 pathogens, and at least 1 pathogen was
detected in 982 (76.0%) of the 1,287 samples and in 86.9%
(628/723) of cases and 62.8% (354/564) of controls. No patho-
gens were detected in 13.1% cases and 37.2% controls.

Prevalence of monoinfection and coinfections

Among children with pathogens detected, 41.9% of cases
59.6% of controls had monoinfection. Coinfections (2 or
more pathogens) were more prevalent in cases (58.1%, 365/
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Figure 1. The number of enteric pathogens detected per child for
cases with diarrhea and for controls, Dar es Salaam, Tanzania,
2010-2011. Number of pathogens detected ranged from O to 6 patho-
gens per child in cases and 0 to 5 pathogens per child in controls. The
y-axis represents the percentage of children. In the regression analy-
sis, the odds of having 2 or more pathogens were significantly higher
among cases than among controls and were as follows: for 2 patho-
gens, odds ratio = 5.21 (95% confidence interval (Cl): 3.72, 7.29); for
3 pathogens, odds ratio = 5.7 (95% CI: 3.65, 8.91); for 4 pathogens,
odds ratio = 19.89 (95% CI: 4.52, 87.47), and for 5 pathogens, odds
ratio = 7.37 (95% Cl: 1.98, 27.38).

628) than in controls (40.4%, 143/354) (OR = 2.03, 95% CI:
1.56, 2.64). Figure 1 shows number of pathogens detected per
child for cases and controls.

Pathogenicity across all ages of any infection,
monoinfection, and coinfection

Odds ratios adjusted by age and sex for different patho-
gens are presented in Table 1 for the univariate and in Table 2
for the multivariate analysis. Web Table 2 shows the sam-
ple size for different infection categories in cases and con-
trols. From the multivariate analysis, 8 pathogens; rotavirus,
norovirus GII, Cryptosporidium, Giardia, typical EPEC,
Shigella species/EIEC, and ST-ETEC were significantly
associated with diarrhea in any infection (monoinfection
and coinfections combined).

After stratification for infection type (monoinfection vs.
coinfection), only 4 pathogens (rotavirus, norovirus GII,
Cryptosporidium, and Shigella species/EIEC) showed sig-
nificant association with diarrhea both as monoinfection
and in coinfections. Typical EPEC was associated with diar-
rhea only as a monoinfection, and the association disappeared
when present in coinfections. Giardia monoinfection was nega-
tively associated with diarrhea. On the other hand, ST-ETEC
showed significant association with diarrhea only when present
in coinfections and not when present as a monoinfection.

For pathogens showing a significant association with diar-
rhea, we found higher pathogenicity—higher odds ratio for
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Table1. Odds Ratios for Diarrhea in Univariate Analysis for Any Infection, Monoinfection, or Coinfections, Adjusted for Age and Sex, Dar es
Salaam, Tanzania, 2010-2011

Any Infection Monoinfection Coinfections
Pathogen

OR 95% CI OR 95% CI OR 95% CI
Rotavirus 5.45 3.82,7.75° 3.82 2.16,6.75% 5.27 3.44,8.08°
Norovirus GlI 2.80 1.93, 4.08° 2.75 1.49, 5.06% 2.58 1.63, 4.08%
Enteric adenovirus 1.60 0.59, 4.31 - Y 2.19 0.69, 6.96
Nonenteric adenovirus 1.42 0.55, 3.65 0.89 0.18,4.52 1.7 0.54,5.82
Cryptosporidium 5.91 3.49,9.97° 4.84 2.01,11.612 5.95 3.13,11.312
Giardia 0.57 0.33,0.97° 0.07 0.01,0.562 0.82 0.46,1.49
Typical EPEC 2.18 1.21,3.92% 3.81 1.08, 13.40% 1.76 0.91,3.44
Atypical EPEC 1.04 0.79,1.39 0.45 0.27,0.77 1.43 1.03,1.98%
ST-ETEC 3.32 1.78,6.19% 1.45 0.47,4.48 4.39 2.05,9.45°
LT-ETEC 0.95 0.61,1.48 0.43 0.14,1.29 1.12 0.69, 1.81
EAEC 1.32 1.04, 1.66% 0.39 0.27,0.47° 2.06 1.59, 2.69%
Shigella species/EIEC 4.01 2.11,7.62° 3.92 1.10,13.922 3.87 1.85,8.10%
Salmonella species 3.23 0.89,11.74 0.52 0.08, 3.20 - -
Campylobacter jejuni 1.23 0.73,2.05 0.19 0.04,0.922 1.71 0.96,3.06

Abbreviations: Cl, confidence interval; EAEC, enteroaggregative Escherichia coli; EIEC, enteroinvasive E. coli; EPEC, enteropathogenic E. coli;
ETEC, enterotoxigenic E. coli; Gll, genogroup II; LT, heat-labile toxin—producing; OR, odds ratio; ST, heat-stable toxin—producing.

2 Confidence intervals that do not overlap the null value of OR = 1.

® Some calculations could not be made because of small sample size in the category.

causing diarrheal symptoms—when present in coinfections Pathogen-specific disease burden by attributable
than in monoinfection. fraction

In the univariate analysis, EAEC was significantly associ- . ) ) )
ated with diarrhea overall, while atypical EPEC and C. jejuni Across age groups, major contributors to diarrheal dis-
were negatively associated with diarrhea in monoinfection. ease identified by AF, in decreasing order, were: rotavirus,

Table2. Odds Ratio Estimates for Diarrhea in Multivariate Analysis for Any Infection, Monoinfection, or Coinfections, Adjusted for Age and Sex,
Dar es Salaam, Tanzania, 2010-20112

Any Infection Monoinfection Coinfections
Pathogen

OR 95% CI OR 95% CI OR 95% Cl
Rotavirus 8.42 5.59,12.47% 3.59 1.93, 6.64% 5.61 3.41,9.252
Norovirus Gll 4.83 3.10,7.50% 2.67 1.39,5.122 2.66 1.46, 4.84%
Enteric adenovirus 2.77 0.84,9.13 P -° 2.41 0.60,9.62
Nonenteric adenovirus 1.76 0.60,5.11 b - ® *
Cryptosporidium 9.62 5.47,16.90% 4.73 1.80, 12.492 6.12 2.93,12.792
Giardia 0.52 0.27,0.972 0.07 0.02,0.242 0.52 0.26,1.04
Typical EPEC 2.77 1.23,6.22% 10.89 2.66,44.57% 1.11 0.45,2.75
Atypical EPEC 0.92 0.65,1.29 0.28 0.15,0.55 0.83 0.54,1.26
ST-ETEC 4.62 2.25,9.49? 1.69 0.38,7.52 411 1.71,9.88%
LT-ETEC 0.89 0.54,1.48 0.40 0.12,1.31 0.75 0.44,1.27
EAEC 1.23 0.93,1.63 0.44 0.31,0.65 1.01 0.69,1.47
Shigella species/EIEC 6.61 3.05,14.312 3.91 1.05, 14.55% 4.05 1.74,9.392
Salmonella species 4.18 0.99,17.67 b b b b
Campylobacter jejuni 1.02 0.58,1.77 0.19 0.05,0.76% 1.01 0.55,1.85

Abbreviations: Cl, confidence interval; EAEC, enteroaggregative Escherichia coli; EIEC, enteroinvasive E. coli; EPEC, enteropathogenic E. coli;
ETEC, enterotoxigenic E. coli; Gll, genogroup II; LT, heat-labile toxin—producing; OR, odds ratio; ST, heat-stable toxin—producing.

& Confidence intervals that do not overlap the null value of OR = 1.

b Some calculations could not be made because of small sample size in the category.
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Table 3. Adjusted Attributable Fraction for Pathogens Significantly Associated With Diarrhea, for All Ages and Age-Specific Strata, Dar es

Salaam, Tanzania, 2010-2011

Pathogen All Ages Age <11 Months Age >11 Months
Cases Controls AF,% 95% ClI Cases Controls AF,% 95% ClI Cases Controls AF,% 95% ClI

Rotavirus 224 42 27.24 23.36,30,93° 163 28 27.91 22.89,32.61% 61 14 24.97 18.49,30.94%
Cryptosporidium 113 17 13.99 11.12,16.77% 81 10 14.37 10.79,17.81% 32 7 13.06 8.11,17.74°
Norovirus GlI 129 40 14.12 10.80,17.31* 103 21 17.00 12.75,21.04% 26 19 7.38 2.01,12.45%
Shigella 53 12 6.11 3.99,8.17% 23 5 3.27 1.00,5.56 30 7 12.10 7.32,16.64°

species/EIEC
ST-ETEC 51 13 542 3.27,7.512 30 7 431 1.80,6.75% 21 6 7.95 3.62,12.07%
Typical EPEC 43 16 3.66 1.15,6.10% 27 8 3.04 -0.11,6.09 16 8 490.00 0.62,9.08
Salmonella 11 3 1.15 0.12,2.18 5 2 0.61 -0.48,1.69 6 1 2.20 -0.41,4.39

species
Rotavirus 224 42 27.24 23.36,30,93° 163 28 27.91 22.89,32.61% 61 14 24.97 18.49,30.94%

Abbreviations: AF, attributable fraction; Cl, confidence interval; EIEC, enteroinvasive Escherichia coli; EPEC, enteropathogenic E. coli; ETEC,
enterotoxigenic E. coli; Gll, genogroup Il; ST, heat-stable toxin—producing.
& Confidence intervals that do not overlap the null value of odds ratio = 1.

Cryptosporidium, norovirus GlI, Shigella species/EIEC, ST-
ETEC, typical EPEC, and Salmonella species

An age-related pattern in the AF for diarrhea was observed
for 2 pathogens. Norovirus GII presented with higher AF for
infants aged <11 months than for children aged >11 months,
while Shigella species/EIEC showed higher AF for children
aged >11 months than for younger children. Values of AF
for different pathogens are shown in Table 3.

Biologic interaction between coinfecting pathogens
associated with diarrhea in additive- and multiplicative-
scale models

The values for RERI, AP, and multiplicative interaction
for different coinfecting pathogens are presented in Table 4.
Under the null hypothesis of no interaction, we would expect
a RERI of zero and AP of zero in the additive model and a
multiplicative interaction of 1. We found 2 significant posi-
tive interactions on the multiplicative model. These were for
rotavirus and Giardia and for norovirus GII and EAEC.
These 2 coinfections also showed values greater than addi-
tive effect (i.e., RERI > 1), but the test results for interactions
were not statistically significant. Significant negative interac-
tion was found between norovirus GII and typical EPEC in
the multiplicative model but was not statistically significant
in the additive model. Web Table 3 shows clinical character-
istics of monoinfection and coinfection.

Risk factors for death for children admitted due to
diarrhea

Among children admitted with diarrhea, 7.1% died. Table 5
shows risk factors for death in univariate and multivariate anal-
ysis. Persistent diarrhea and lack of breastfeeding were signifi-
cantly associated with death in univariate analysis. Presence of
blood in stool and severe dehydration were significantly asso-
ciated with death in multivariate analysis.

At least 1 pathogen could be detected in 40 of 51 children
who died, but fatal outcome was not significantly more fre-
quent among children with pathogens detected than among
those without (40/531, 7.5% vs. 9/191, 4.7%). In univariate
analysis, fatal outcome was associated with infection with ST-
ETEC, Cryptosporidium, or C. jejuni. Infection with other patho-
gens was not associated with death. Death was not significantly
more prevalent among children with coinfections than among
children with monoinfection.

DISCUSSION

In the present study, rotavirus caused the highest burden
of diarrheal disease in all age groups, concurring with find-
ings from 2 large multicenter case-control studies conducted
in developing countries (4, 5). In line with previous studies
4, 5, 27), norovirus GII, Cryptosporidium, ST-ETEC, and
Shigella species/EIEC, were also important causes of severe
diarrhea in children in the current study.

We observed differences in the burden of diarrheal disease
attributed to norovirus GII and Shigella species/EIEC in dif-
ferent age groups. Norovirus GII caused significantly higher
burden of disease in infants aged <11 months than in older
children. This was also seen in the Global Enteric Multicen-
ter Study and the MAL-ED study (4, 5).

In contrast to norovirus GII, Shigella species/EIEC caused
a higher burden of disease in children older than 11 months
than among younger children. In this study, older children
had a higher prevalence of malnutrition than did younger chil-
dren. Previous studies have reported an association of bacte-
rial enteric pathogens with severe malnutrition. Malnutrition
causes impaired gastric acid barrier and hypochlorhydria (28)
and may thereby result in increased susceptibility to infection
by bacteria (29-31). It has also been suggested that the pro-
longed small intestinal mucosal injury that commonly occurs
in malnourished children leads to increased gut colonization
by bacteria (32, 33).

Am J Epidemiol. 2017;186(9):1074—1083
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Table 4. Assessment of the Biologic Interaction Between Coinfecting Pathogens Associated With Diarrhea Using Additive- or Multiplicative-
Scale Models, Adjusted for Age and Sex, Dar es Salaam, Tanzania, 2010-2011

Additive Model Multiplicative Model
Coinfection Category

OR RERI? 95% Cl AP? 95% CI Mi° 95% CI
Rotavirus (+), Giardia (=) 3.79
G. lamblia (+), rotavirus (=) 0.078
Rotavirus (+), Giardia (+) 7.12 3.65 —10.76,19.24 59.55 -0.29,1.49 23.91 1.21,470.14°
Rotavirus (+), norovirus Gl (-) 4.04
Norovirus (+), rotavirus (—) 3.04
Rotavirus (+), norovirus Gl (+) 3.75 -2.33 —-7.35,2.69 -62.0 —2.54,1.30 0.31 0.07,1.19
Rotavirus (+), Shigella species/EIEC (-) 3.97
Shigella species EIEC (+), rotavirus (—) 4.23
Rotavirus (+), Shigella species/EIEC (+) 7.01 -0.18 -5.91,15.53 -2.69 -2.32,2.26 0.42 0.03-5.09
Rotavirus (+), Campylobacter jejuni () 3.87
C. jejuni (+), rotavirus (—) 0.21
Rotavirus (+), C. jejuni (+) 7.94 4.86 —-6.97,16.71 61.21 —-0.01,1.24 9.61 1.05,87.63
Cryptosporidium (+), norovirus Gll (-) 5.10
Norovirus (+), Cryptosporidium () 2.89
Cryptosporidium (+), norovirus Gll (+) 2.43 -4.56 -10.75,1.62 -18.77 -6.89,3.14 0.16 0.02,1.13
Cryptosporidium (+), atypical EPEC () 4.92
Atypical EPEC (+), Cryptosporidium (—) 0.93
Cryptosporidium (+), atypical EPEC (+) 10.02 5.18 —-9.90,20.26 51.68 -0.30,1.33 2.21 0.39,12.19
Norovirus Il (+), EAEC (-) 2.64
EAEC (+), norovirus Gl (-) 0.44
Norovirus Gll (+), EAEC (+) 3.57 1.48 —-1.33,4.30 41.60 —-0.17,1.00 3.06 1.17,7.98°
Norovirus Il (+), typical EPEC (-) 2.79
Typical EPEC (+), norovirus Gl (-) 3.97
Norovirus Gll (+), typical EPEC (+) 1.09 —4.68 -10.33,0.96 —43.03 -14.99,6.38 0.09 0.10,0.95°

Abbreviations: +, pathogen present; —, pathogen absent; AP, attributable proportion; Cl, confidence interval; EAEC, enteroaggregative Escherichia
coli; EIEC, enteroinvasive E. coli; EPEC, enteropathogenic E. coli; Gll, genogroup II; LT, heat-labile toxin—producing; MI, multiplicative interaction; OR,
odds ratio; ST, heat-stable toxin—producing; MI, multiplicative interaction; RERI, relative excess risk due to interaction.

2 Interaction if RERI is not 0.
® Interaction if Ml is not 1.
¢ Confidence intervals that do not overlap the null value of OR = 1.

Although the prevalence of pathogens was significantly
lower in controls than in cases, nearly two-thirds of controls
were carrying pathogens at detectable levels. Possible rea-
sons for this finding include, first, prolonged excretion of
some pathogens in stool after clinical recovery (34); and sec-
ond, due to host factors, where susceptibility to infection and
disease may be affected by the presence or absence of recep-
tors or the expression of variant receptors. For example, vol-
unteer studies show that some individuals are highly resistant
to Norwalk virus, whereas persons of blood group O exhibit
increased risk of developing clinical illness upon exposure
(35). Third, asymptomatic carriage can result from immunity
attained from previous exposure to the same pathogens or from
maternal antibodies. Fourth, some pathogens may require inter-
action with a second pathogen to cause symptoms (e.g., Giar-
dia and rotavirus) (9).
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The high prevalence of coinfections in this study and others
in developing countries implies that a multipathogenic etiology
of diarrhea is common in these settings. In addition, there is var-
iation in the reported prevalence of coinfection within develop-
ing countries and between developing and developed countries
(4, 6-8, 36, 37). This could be due to variation in the number of
pathogens tested for and methods used for detection. Differ-
ences between developing and developed countries could also
reflect geographical variation or different levels of sanitation,
because all these pathogens share the same mode of acquisition
by the fecal-oral route. A high prevalence of coinfections both
in cases and controls can represent both a consequence of and a
predisposing factor for environmental enteropathy in develop-
ing countries (38).

We compared pathogenicity (which can be expressed as odds
ratio, as described by Black et al. (23)) between monoinfection
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Table5. Odds Ratios Estimating the Risk Factors for Death Among Children Admitted Due to Diarrhea, Dar es
Salaam, Tanzania, 2010-2011

Death Univariate Analysis Multivari_ate
Risk Factor Total Number Analysis

No. % OR 95% Cl OR 95% Cl
Age group
>11 months 223 14 6.3
<11 months 505 37 73 12 0.634,2.26 1.26 0.64,2.48
Presence of blood in stool
No 693 45 6.5
Yes 30 6 20.0 3.64 1.42,9.37% 312 1.14,8.55%
Hydration status
None to moderate dehydration 559 32 5.7
Severe dehydration 164 19 116 1.48 0.71,3.05 2.21 1.17,4.172
Type of diarrhea
Acute, watery 644 41 6.4
Persistent 79 10 127 22 1.05,4.58% 1.47 0.66,3.30
Underweight®
Normal 307 23 7.5
Malnourished 416 28 6.7 0.9 0.51,1.59 0.64 0.32,1.27
Stunting®
Normal 223 11 4.9
Malnourished 490 40 82 1.79 0.91,3.57 1.98 0.88,4.48
Wasting®
Normal 505 38 7.5
Malnourished 218 13 59 0.78 0.41,1.49 1.23 0.55,2.74
ST-ETEC
Present 34 6 176 3.11 1.22,7.94% 203 0.79,5.23
Absent 675 44 6.5
Cryptosporidium
Present 60 8 133 236 1.04,5.35* 1.30 0.63,2.69
Absent 649 42 6.5
C. jejuni
Present 31 5 161 278 1.02,7.62° 053 0.12,2.39
Absent 678 45 6.6
Breastfeeding®
Yes 232 14 6.0
No 52 9 173 326  1.33,801* -° -
HIV status®
HIV negative 78 7 9.0
HIV positive 26 6 231 3.04 0921008 -¢ -

Abbreviations: Cl, confidence intervals; ETEC, enterotoxigenic E. coli; HIV, human immunodeficiency virus; OR,
odds ratio; ST, heat-stable toxin—producing.

& Confidence intervals that do not overlap the null value of OR = 1.

b Defined by z score (length for age, weight for age, or weight for length).

¢ Breastfeeding status and HIV status were not included in multivariate analysis because of the small number of
samples. Total sample sizes used are different from the rest of the table because breastfeeding status included only
children aged 7-12 months, and HIV status included only the number of children tested for HIV.

9 Some calculations could not be made because of small sample size in the category.
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and coinfections for pathogens associated with diarrhea.
Rotavirus, norovirus GII, Cryptosporidium, and Shigella species/
EIC showed significant associations with diarrhea both when
present as single pathogen and when present in coinfections.
This finding concurs with the findings of other case-control
studies that have compared monoinfection versus coinfec-
tion (39, 40). The significant associations with diarrhea mean
these pathogens are capable of inducing diarrhea regardless of
whether they occur as monoinfection or in coinfection.

Few studies have looked at biological interactions between
coinfecting pathogens in diarrheal disease (9, 41, 42). In the
present study, we analyzed different interactions of specific
coinfecting pathogens, and we found 2 significant positive
interactions, between rotavirus and Giardia and between
norovirus GII and EAEC in the multiplicative model. Bhavnani
et al. (9) found significant interactions between rotavirus and
Giardia in both the additive and the multiplicative model. The
lack of significant statistical interactions in the additive model
in our study may be due to insufficient sample size. The mech-
anism might be through enhancement of adhesion or invasion
or through up-regulation of specific receptors for these patho-
gens (9). Experimental studies conducted in animals have also
demonstrated synergism between rotavirus and bacteria (43—45).

We found significant negative interaction between norovirus
GII and typical EPEC. Similarly, a study in India (37) showed
negative association for V. cholerae with Cryptosporidium. In
another study, negative interactions between rotavirus and Shi-
gella were reported (42). The biological mechanisms of these
findings are not clear; however, the results suggest that 2 patho-
gens may interact antagonistically within the host by competing
for receptors and resources. Understanding the negative interac-
tions between pathogens is important when considering the
need of specific interventions.

It is worth noting that pathogen detection does not translate
to disease, and detection of more than 1 pathogen in stool sam-
ples is not sufficient to infer biological interactions. In addition,
statistical interactions do not necessarily indicate biological inter-
actions. However, our results together with findings from previ-
ous studies (9, 42) underscore the need for further research to
explore possible biological mechanisms.

In the present study, we did not find significant differences
in clinical severity of diarrhea (i.e., presence of dehydration)
among children with single infections compared to children
with coinfections overall. Nor was this seen for specific co-
infections, which showed biological interactions (data not
shown). This may suggest that biological interactions may
enhance pathogenicity by increasing the risk for these patho-
gens to cause diarrhea but without measurably affecting the
clinical severity of diarrhea. The clinical presentation of diar-
rhea (mild or severe) is likely also to depend on other factors,
such as the immune status of the host, and not merely the pres-
ence of multiple pathogens—bearing in mind that high preva-
lences of coinfections are also observed among controls that
do not have any diarrthea symptoms. This nonmodulation of
clinical severity in coinfections was also reported in studies
conducted in Israel and China (13, 41). Bilenko et al. (13) did
not find any increase in severity between children infected
with Giardia alone and those with different coinfections. In
contrast, other studies conducted in Europe have reported
increase in clinical severity of diarrhea in children with coin-
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fections (6, 7, 46). An important note is that these studies,
which reported increased severity of diarrhea in coinfections,
did not analyze for the presence of biological interactions,
whereas Bhavnani et al. (9), who reported biological interac-
tions, did not look for clinical severity of diarrhea. Previous
studies in animals have showed both increased pathogenicity
and increased severity of diarrhea with coinfection (47-51).
The present study is among very few case-control studies to
do comprehensive analysis of coinfection in diarrhea, analyz-
ing both possible biological interactions and clinical severity.

The majority of deaths due to diarrhea occur in just 15 coun-
tries, of which Tanzania is one (3). In the present study, 7% of
children admitted due to diarrhea died. Most of them were
young infants. We found presence of blood in stool, severe
dehydration, and lack of breastfeeding to be risk factors asso-
ciated with the deaths of these children. Lack of breastfeeding
has previously been reported to increase risk of death from
diarrhea (52, 53). Furthermore, the case fatality rate was high
in children infected with Cryptosporidium, ST-ETEC, and
C. jejuni in univariate analysis. ST-ETEC was also associated
with fatal outcome in the Global Enteric Multicenter Study
(4). The present study included hospitalized children, who are
likely to have more severe disease than community-based
studies. Therefore, it is likely that pathogens causing mild diar-
rhea were missed.

Most of the coinfection subgroups were small; this made
statistical comparison of monoinfections and coinfections dif-
ficult, especially for assessing biological interactions in coin-
fections. This is probably the reason why most of the 95%
confidence intervals included O or 1 in both interaction mod-
els, which indicates that these interactions are not statistically
significant. Another limitation of this study is that it was an
unmatched case-control study. However, we had a sufficient
number of cases and controls for analyses. Some pathogens
were not tested for in this study (such as enterohemorrhagic E.
coli, Aeromonas, and helminthes), but previous studies in the
same setting have shown absence or low prevalence of these
pathogens. We focused on the 17 most frequent and predomi-
nant pathogens associated with diarrhea.

In conclusion, our results showed that the pathogenicity of
each organism appears to be enhanced by some coinfections
and weakened by others. Coinfections may enhance pathoge-
nicity by causing diarrhea symptoms but without increasing
diarrhea severity. Rotavirus vaccination is likely to reduce the
burden of diarrhea, because rotavirus showed the highest AF
across all age groups, and its pathogenicity was high whether
it occurred as a single pathogen or in coinfections.
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