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Abstract objective To characterise childhood mouthing behaviours and to investigate the association between

object-to-mouth and food-to-mouth contacts, diarrhoea prevalence and environmental enteropathy.

methods A prospective cohort study was conducted of 216 children ≤30 months of age in rural

Bangladesh. Mouthing contacts with soil and food and objects with visible soil were assessed by 5-h

structured observation. Stool was analysed for four faecal markers of intestinal inflammation: alpha-

1-antitrypsin, myeloperoxidase, neopterin and calprotectin.

results Overall 82% of children were observed mouthing soil, objects with visible soil, or food with

visible soil during the structured observation period. Sixty percent of children were observed mouthing

objects with visible soil, 63% were observed mouthing food with visible soil, and 18% were observed

mouthing soil only. Children observed mouthing objects with visible soil had significantly elevated

faecal calprotectin concentrations (206.81 lg/g, 95% confidence interval [CI]: 6.27, 407.36). There was

also a marginally significant association between Escherichia coli counts in soil from a child’s play space

and the prevalence rate of diarrhoea (diarrhoea prevalence ratio: 2.03, 95% CI 0.97, 4.25).

conclusion These findings provide further evidence to support the hypothesis that childhood

mouthing behaviour in environments with faecal contamination can lead to environmental

enteropathy in susceptible paediatric populations. Furthermore, these findings suggest that young

children mouthing objects with soil, which occurred more frequently than soil directly, was an

important exposure route to faecal pathogens and a risk factor for environmental enteropathy.

keywords mouthing, non-dietary ingestion, environmental exposure, child behaviour, diarrhoea,

environmental enteropathy

Introduction

Exploratory behaviours play an important role in motor,

perceptual, and cognitive development in infancy [1].

Mouthing is one of the primary exploratory behaviours

that emerges during the first months of life [1, 2].

Sucking during breastfeeding or bottle-feeding is neces-

sary for essential nutrient intake [3]. Infants explore their

surroundings through placing objects in their mouth [2],

which has been linked with the emergence of vocalisation

[4]. While mouthing is crucial to early child development,

it is an important pathway for paediatric exposures to

environmental contaminants, rendering infants and young

children vulnerable to exposure to pesticides [5–8], heavy
metals [9–11], brominated flame retardants [12–14] and
enteric pathogens [15–25].

The faecal-oral route as described in the F Diagram (flu-

ids, fingers, fields, flies and food) is thought to be an impor-

tant pathway for enteric infections [26]. However, for

infants and young children, their unique activity patterns

may contribute to additional exposures to enteric patho-

gens. In many low-income countries, infants and young

children frequently come into contact with animal or

human faeces and contaminated soil while crawling and

playing outdoors [27–29]. A structured observation study

conducted in rural Zimbabwe found that infants frequently

ingested chicken faeces and soil through exploratory

mouthing and that soil had high counts of Escherichia coli

[28]. Another study estimating the relative contributions of

hand-to-mouth contacts to faecal ingestion reported that

more than 90% of faeces ingested daily by Tanzanian chil-

dren were from mouthing behaviors [30].
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There is a growing evidence base on the health impli-

cations of mouthing fomites (soil and objects). Studies

have found geophagy, defined as the consumption of

soil, dirt or mud, to be a risk factor for intestinal hel-

minth infections in children [15–25]. In rural Kenya,

caregiver-reported geophagy was significantly associated

with increased incidence of diarrhoea [24], which

remains one of the leading causes of death among chil-

dren under 5 years of age globally [31]. In peri-urban

Peru, caregiver-reported child ingestion of faeces and

soil was significantly associated with diarrhoea incidence

in children under 3 years of age [32]. In rural Bangla-

desh, geophagy was significantly associated with envi-

ronmental enteropathy (EE) or environmental enteric

dysfunction (EED) [33], and growth faltering in young

children [34, 35]. Environmental enteropathy is a sub-

clinical disorder of the small intestine marked by

chronic inflammation, villous atrophy and crypt hyper-

plasia and impaired intestinal barrier function [36–45].
Chronic exposure to faecal pathogens is hypothesised to

cause EE, and these morphological and functional

changes of the small intestine are thought to result in

malabsorption of nutrients, leading to growth failure

[36–46].
This study was conducted to characterise childhood

mouthing behaviours and to assess the association

between fomite-to-mouth and food-to-mouth contacts,

diarrhoea prevalence and EE in young children in rural

Bangladesh.

Materials and methods

Study design

This prospective cohort study of 216 randomly selected

children 6–30 months of age was conducted in Mirza-

pur subdistrict in the Tangail district of Bangladesh

from February to November 2014. Our sample size

was based on the number of children we were able to

recruit between February and April 2014. Mirzapur is

the Bangladesh site of the Global Enteric Multicenter

Study (GEMS) demographic surveillance system (DSS),

covering a population of approximately 240 000 [47].

Study participants 6–30 months of age were enrolled to

target children most susceptible to growth faltering

[48]. These children were randomly selected from our

demographic surveillance area. At baseline, a trained

research assistant conducted a 5-h structured observa-

tion session between 8:00 AM and 1:00 PM in the

household of each enrolled child. A structured question-

naire tool was used to obtain information on whether

the child touched or mouthed specific fomites and

foods during the structured observation period and on

demographic and environmental conditions in the

household. Hand-to-object contact was defined as a

child touching: (i) soil only, (ii) an object with visible

soil, (iii) food with visible soil, (iv) food with visible

faeces, (v) animal faeces, or (vi) human faeces during

the structured observation period. ‘Soil’ refers to any

unconsolidated earth material including soil, dirt, mud,

sand, silt, and clay. Objects included sticks, leaves,

plastic bottles, and garbage such as discarded wrappers,

paper, and medicine droppers. An object-to-mouth con-

tact was defined as a child putting any of these fomites

or foods directly into his/her mouth after a hand-to-

object contact during the structured observation period.

The research assistants recorded the time the child

spent sleeping. Information was also collected on

whether the fomite or food was spit out by the child,

and the caregiver’s response to the child’s mouthing

event.

Information on diarrhoea morbidity among study chil-

dren was collected bi-weekly from baseline to 3 months.

Diarrhoea was defined as three or more loose stools in a

24-h period. In a subset of 128 randomly selected house-

holds, two soil samples were also collected in the outdoor

courtyard areas where enrolled children were observed

playing.

Laboratory analysis

Collected stool samples were stored in cooler boxes and

transferred to the Enteric Microbiology Laboratory at the

International Center for Diarrheal Disease Research, Ban-

gladesh (icddr,b) in Dhaka, where they were stored at

�80 °C until processing, on average within 6 h after

defecation events. We evaluated faecal markers of intesti-

nal inflammation: alpha-1-antitrypsin, myeloperoxidase,

neopterin and calprotectin using enzyme-linked

immunosorbent assays (ELISA) according to previously

published methods [34]. All dilutions were performed

according to package inserts except for a 1:500 dilution

used for initial runs for myeloperoxidase. Faecal

myeloperoxidase, alpha-1-antitrypsin and neopterin

results were then combined to form an EE disease activity

score (0–10 points) for each study participant, using pre-

viously published methods [39].

Soil samples were stored in cooler boxes upon collec-

tion and transported to the Enteric Microbiology

Laboratory where total E. coli counts were measured

immediately by bacterial culture, and diarrheagenic

E. coli was detected using multiplex polymerase chain

reaction (PCR) according to previously published

methods [28, 49].
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Statistical analysis

For each child, the total number of hand-to-object and

object-to-mouth contacts observed was divided by the total

observation time to calculate the frequency of contacts per

hour by fomite type. The time when the child was sleeping

was excluded from this calculation. TheMann–WhitneyU-

test was used to compare the median hand-to-object and

object-to-mouth frequencies by gender of children.

Our primary study outcomes were the number of visits in

which caregivers reported diarrhoea among study children,

faecal calprotectin concentrations and the EE disease activ-

ity score. To investigate the association between childhood

mouthing behaviours and diarrhoea prevalence, Poisson

regression models were used with caregiver-reported diar-

rhoea as an outcome and the presence of fomite- or food-to-

mouth contacts as the predictor. The models included the

natural log of the total number of diarrhoea surveillance

time points as an offset to account for the different follow-

up periods among children. To assess the association

between childhood fomite or food mouthing behaviours

and the selected faecal markers of EE, linear regression

models were run with calprotectin concentration and EE

disease activity score as the outcomes, and the frequency of

object-to-mouth contacts as the predictor.

In all regression analyses, the frequency of object-to-

mouth contacts was defined as a binary variable and was

coded as 0 when the child did not have object-to-mouth

contacts and as 1 when the child had at least one object-

to-mouth contact. This was performed because of the rar-

ity of events. All models were adjusted for age based on

previous studies that found significant associations

between age and diarrhoea [50, 51] as well as EE

[39, 40]. For the adjusted models, covariates were

selected if their association with the outcome had

significance <0.2. All analyses were performed using Stata,

version 13 (Stata Corporation, College Station, TX).

Ethical approval

Informed consent was obtained from a parent or guar-

dian of all study participants. The study procedures were

approved by the research ethical review committee of

icddr,b, and an exemption was obtained from Johns

Hopkins Bloomberg School of Public Health.

Results

Study population

Structured observation data were collected for 216 chil-

dren. Their median age was 17 � 5.8 months, and 54%

(N = 116) were female. Eighty eight percent (N = 190) of

children were partially breast-fed and 12% (N = 26) were

not breast-fed. The median number of individuals living in

a household was 5 � 1.9 (standard deviation) (range, 1–
12). Ten percent of caregivers (N = 22) had no formal edu-

cation, 26% (N = 57) had completed primary school and

64% (N = 137) had secondary or higher education. The

median age of caregivers was 25 � 6.2 years.

Hand-to-object contacts with fomite or food

Children slept for an average of 1 h and 13 min during

the 5-h structured observation period. All 216 children had

at least one hand-to-object contact with fomites or food

with visible soil. By category of fomite or food, 99% of

children (N = 214) touched soil only, 99% (N = 214)

touched objects with visible soil, 64% (N = 138) touched

food with visible soil, 12% (N = 26) touched animal fae-

ces, 2% (N = 4) touched human faeces and <1% (N = 1)

touched food with visible faeces. Male sex was significantly

associated with a higher median frequency of

hand-to-object contacts with fomites or food with visible

soil (6.0 vs. 5.4 events per hour, P = 0.047). The median

frequency of hand-to-object contacts with soil was 4.7 con-

tacts per hour for children 6–12 months of age, 6.4 con-

tacts per hour for children 12–18 months of age, 6.3

contacts per hour for children 18–24 months of age and

4.8 contacts per hour for children 24–30 months of age

(Figure 1).

Object-to-mouth contacts with fomites or food

Eighty two percent of children (N = 178) had at least one

object-to-mouth contact with fomites or food with visible

during the structured observation period. By category of

fomite or food, 18% (N = 38) mouthed soil only, 60%

(N = 129) mouthed objects with visible soil and 63%

(N = 137) mouthed foods with visible soil. Only one child

mouthed animal faeces, and no children were observed

mouthing human faeces or food with visible faeces. When

total mouthing events are considered, children mouthed

fomites more often than food (54% vs. 46%), and the med-

ian frequency of mouthing non-dietary objects was higher

than that of food in children 6–12 months of age (0.8 vs.

0.0 contacts per hour). In all observed mouthing events,

children mouthed very small quantities of soil or faeces (less

than a child’s handful). Sex was not significantly associated

with the median frequency of object-to-mouth contacts with

fomites or food (P = 0.32). The median frequency of

object-to-mouth contacts with soil was 1.0 contact per hour

for children 6–12 months of age, 0.8 contact per hour for

children 12–18 months of age, 0.6 contact per hour for
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children 18–24 months of age and 0.6 contact per hour for

children 24–30 months of age (Figure 1).

Children were observed spitting out soil during 6%

(39/665) of object-to-mouth contacts with fomites or

food (Table 1). Caregivers stopped children from mouth-

ing fomites with soil in only 3% (18/665) of

object-to-mouth contacts (0% for food with soil and 5%

for objects with soil) and removed the soil from the

child’s mouth or hands in 4% (27/665) of contacts.

Seventeen percent of object-to-mouth events (N = 53)

involved sticks or leaves, 10% (N = 30) bottles, 8%

(N = 25) toys or balls, 8% (N = 25) garbage (e.g. dis-

carded wrappers or papers), 3% (N = 10) footwear, 2%

(N = 5) medicine droppers and 1% (N = 4) pens.

Prevalence of diarrhoea

We were able to collect information on diarrhoea prevalence

for 99.5% of children (N = 215). The median number of

time points for diarrhoea surveillance was 5 (range: 1–5).
The prevalence rate of diarrhoea was not significantly higher

for children in contact with soil (of any type) (prevalence

ratio: 1.14, 95% CI: 0.62, 2.11), or for children in contact

with soil only, objects with visible soil or food with visible

soil after controlling for age, gender, caregiver educational

level and family size (Table 2). There was a marginally sig-

nificant association between E. coli counts in soil from a

child’s play space and the prevalence rate of diarrhoea

All soil contacts‡ n§ = 4591 n = 659

n = 52

n = 301

n = 306

n = 1

n = 0

n = 2634

n = 1518

n = 439

n = 31

n = 4

Soil only

Object with visible soil

Food with visible soil

Animal feces

Human feces

6-12 months
12-18 months
18-24 months
24-30 months
6-12 months

12-18 months
18-24 months
24-30 months
6-12 months

12-18 months
18-24 months
24-30 months
6-12 months

12-18 months
18-24 months
24-30 months
6-12 months

12-18 months
18-24 months
24-30 months
6-12 months

12-18 months
18-24 months

Frequency (contacts/hour)

Hand-to-object contacts (N = 214) Object-to-mouth contacts (N = 214)

Frequency (contacts/hour)

24-30 months

0 2 4 6 8 10 12 14 0 .5 1 1.5 2 2.5 3 3.5

Figure 1 Frequency of hand-to-object and object-to-mouth contacts*†. *The frequency of hand-to-object and object-to-mouth contacts

(contacts per hour) excludes the sleeping time of children during the structured observation period. †Two children were from the analy-

sis because their sleeping time was not observed. N refers to the number of children. ‡All soil contacts include all types of soil contacts

(soil only, fomite with visible soil and food with visible soil). §n refers to the number of contacts.

Table 1 Child and caregiver response to fomite- or food-to-
mouth contacts during 5-h structured observation

Characteristic of child

and caregiver response

Frequency (%)*

Object with

visible soil

(n = 304)

Animal

faeces

(n = 1)

Food with

visible soil

(n = 308)

Child response after mouthing fomite or food
Spit out 21 (7) 0 (0) 15 (5)

Nothing 277 (91) 1 (100) 293 (95)

Not observed by

study personnel

6 (2) 0 (0) 0 (0)

Caregiver response during or after event

Stopped the child from

mouthing or handling
the fomite or food

15 (5) 0 (0) 0 (0)

Removed the fomite or

food from the child’s

mouth or hands

22 (7) 0 (0) 2 (1)

Washed the child’s

hands with water

0 (0) 0 (0) 2 (1)

Did nothing 127 (42) 0 (0) 214 (68)

Unaware (Not
observing the child

when event occurred)

123 (40) 1 (100) 88 (29)

Not observed by
study personnel

17 (6) 0 (0) 2 (1)

*Number of fomite- or food-to-mouth contacts during 5-h struc-

tured observation.
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(diarrhoea prevalence ratio: 2.03, 95% CI 0.97, 4.25)

(Table S1). Adding breastfeeding to the adjusted models did

not alter these findings (Table S1 and Table S2).

Association between mouthing behaviours and

environmental enteropathy markers

The median concentration for calprotectin was

402.67 mg/g, 0.26 mg/g for alpha-1-antitrypsin,

3576.75 ng/ml for myeloperoxidase and 1505.00 nmol/L

for neopterin. The median value for the EE disease activ-

ity score was 5. Children observed mouthing an object

with visible soil during the structured observation period

had significantly higher faecal calprotectin concentrations

after controlling for age, gender, caregiver educational

level and family size (206.81 lg/g, 95% CI: 6.27,

407.36) (Table 3). There were no other significant associ-

ations found between mouthing a fomite and faecal EE

markers. Addition of breastfeeding to the adjusted mod-

els did not alter the observed associations (Table S3).

Discussion

We found that the prevalence of mouthing fomites or

food contaminated with soil or faeces was high (82%)

and that mouthing of objects with visible soil was signifi-

cantly associated with elevated calprotectin concentra-

tions in young children. Our previous work among

children in this cohort found that the soil in outdoor play

spaces was an exposure route for pathogenic E. coli and

that all households had visible faecal matter present in

the outdoor areas where children were observed playing

[34]. Therefore, these findings provide evidence to sup-

port the hypothesis that childhood mouthing of soil-con-

taminated objects, which occurred more frequently than

mouthing of soil (60% vs. 18%), is an important expo-

sure route to enteric pathogens that can lead to environ-

mental enteropathy in young children. Furthermore,

caregivers do little to prevent this high-risk behaviour,

demonstrating the urgent need for interventions to pro-

tect susceptible paediatric populations.

In this study, more than half of children mouthed food

(60%) and/or objects (63%) with visible soil, whereas

18% ingested soil alone and only one child (<1%)

mouthed animal faeces. Forty nine percent (N = 106) of

children had multiple types of object-to-mouth contacts,

and 85% (N = 90) of these children mouthed both food

and objects with visible soil during the structured obser-

vation period. These findings demonstrate the importance

of considering objects and food as exposure routes for

contaminated soil that can lead to exposure to enteric

pathogens and intestinal inflammation in susceptible pae-

diatric populations. Our finding is consistent with those

of previous studies that found unsanitary environmental

conditions to be associated with markers of EE [52, 53].

Dual sugar permeability tests such as lactulose and man-

nitol are used as an indicator for intestinal barrier disrup-

tion and absorptive capacity [54]. In rural Bangladesh,

children from ‘contaminated’ households had significantly

higher lactulose: mannitol (L:M) ratios in urine, indicator

of intestinal barrier disruption and absorptive capacity,

compared to those from ‘clean’ households defined by

water quality and sanitation and hygiene conditions [53].

Soil in the domestic environment and on children’s toys

Table 2 Association between fomite- or food-to-mouth contacts and diarrhoea prevalence

Type of event

Total

N

Children with exposure* Children without exposure† Age and gender

adjusted prevalence
ratio‡
(95% CI)

Fully adjusted
prevalence ratio‡§
(95% CI)N (%)

Diarrhoea

prevalence (%) N (%)

Diarrhoea

prevalence (%)

All soil contacts|| 215 177 (82) 9.3 38 (18) 7.7 1.13 (0.61, 2.09) 1.14 (0.62, 2.11)

Soil only 215 178 (83) 9.8 37 (17) 8.9 1.08 (0.62, 1.91) 1.09 (0.62, 1.93)
Object with

visible soil

215 128 (60) 9.9 87 (40) 7.7 1.24 (0.78, 1.97) 1.30 (0.81, 2.07)

Food with

visible soil

215 137 (64) 8.9 78 (36) 9.2 0.96 (0.61, 1.50) 0.94 (0.60, 1.48)

CI, confidence interval.

*Children with at least one fomite- or food-to-mouth contact.
†Children without fomite- or food-to-mouth contacts.

‡Diarrhoea prevalence in children with at least one fomite- or food-to-mouth contact/diarrhoea prevalence in children without object-

to-mouth contacts.

§Fully adjusted models adjust for age, age squared, gender, caregiver educational level and family size.
||All soil contacts include all types of soil contacts (soil only, object with visible soil and food with visible soil).
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and plates can also lead to exposure to faecal pathogens

in low-income settings [55–57].
We found that non-dietary ingestion was more frequent

than dietary ingestion (54% vs. 46%), and the median

frequency of mouthing fomites was higher than that of

food in children 6–12 months of age (0.8 vs. 0.0 contacts

per hour). This result is consistent with those of a recent

study in Taiwan which reported that children

7–12 months of age had higher median frequency of

indoor mouthing of non-dietary objects than that of food

(60.7 vs. 48.1 contacts per hour) [58]. In Black et al., the

median frequency of mouthing non-dietary objects was

also higher than that of mouthing food (18.1 vs. 10.0

contacts per hour) in children 7–12 months of age in the

United States and Mexico border area [59]. In rural Ban-

gladesh, Kwong et al. reported that the median mouthing

frequency was 29.6 contacts per hour for non-dietary

objects and 12.8 contacts per hour for dietary objects

among children 6–12 month of age [60]. These findings

support the hypothesis that non-dietary mouthing

behaviour is an important route for childhood exposure

to faecal pathogens, with infants being particularly

vulnerable.

There was no significant association between caregiver-

reported child diarrhoea and object-to-mouth contacts

for fomites with visible soil. This result is in contrast to

findings in Peru and Kenya, where geophagy was associ-

ated with childhood diarrhoea [24, 32]. In the present

study, all children with object-to-mouth events consumed

very small amounts of soil during the structured observa-

tion period. In Kenya, the prevalence of diarrhoea rose

with increasing amounts of soil ingested by children [24].

Therefore, the small quantity of soil consumed in our

study may not have been sufficient for a symptomatic

infection. This association needs to be further investi-

gated with a better quantification of the amount of soil

ingested.

We found that childhood mouthing of objects with vis-

ible soil was significantly associated with elevated calpro-

tectin concentration, while there was no significant

association between soil mouthing and diarrhoea preva-

lence. Furthermore, detectable diarrheagenic E. coli in

the soil were not significantly associated with diarrhoea

prevalence, providing further evidence to support the

hypothesis that chronic exposure to faecal pathogens can

lead to EE and impaired growth through subclinical

infections, with diarrhoea only contributing to a small

portion of EE [61]. In rural Gambia, infants

3–15 months of age had diarrhoea 7.3% of the time but

elevated L:M ratios in urine 76% of the time [46]. A

study in peri-urban Peru found that while symptomatic

cryptosporidiosis had a greater adverse effect on childT
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growth than asymptomatic cryptosporidiosis, the latter

was twice as prevalent and thus may have had a greater

effect on growth faltering [62]. Donowitz et al. reported

that recent and frequent diarrhoea episodes were not sig-

nificant predictors of small intestine bacterial overgrowth

(SIBO), a condition in which excessive amounts of bacte-

ria are present in the small intestine, while SIBO was

associated with intestinal inflammation and linear growth

faltering among Bangladeshi children [63].

There are several limitations to this study. First, we

observed children’s mouthing behaviours at a single time

point and therefore could not have captured seasonal or

day-to-day changes. Second, we measured faecal EE

markers only at baseline. Therefore, we cannot investi-

gate the causality of the association between children’s

mouthing behaviours and EE. Third, we only observed

object-to-mouth contacts with visible soil or faeces and

thus do not know what proportion of the total

object-to-mouth events they comprise. Previous studies

have reported that children put their hands in their

mouths frequently and that hands themselves have faecal

contamination [28, 59]. Therefore, mouthing contacts

with hands alone may be an exposure route to faecal

pathogens. Future studies should employ hand rinses to

investigate this potential exposure and observe all types

of mouthing events. Finally, we did not quantify the

amount of soil mouthed by children, which may modify

the effect of children’s mouthing behaviours on diarrhoea

and EE. This should be investigated in future work.

Conclusion

Soil mouthing behavior was common in young children,

and mouthing of objects with visible soil was significantly

associated with elevated fecal calprotectin. These findings

support the hypothesis that childhood mouthing beha-

viours are an important pathway for exposure to faecal

pathogens and asymptomatic infections leading to EE.

Future studies are needed to investigate the association

between mouthing behaviors, diarrhea, and EE among

pediatric populations. Furthermore, interventions are

needed to prevent pediatric exposures to fecal pathogens

through childhood mouthing behaviors.
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