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Abstract

Background

Norovirus and sapovirus are important causes of childhood acute gastroenteritis (AGE).

Breastfeeding prevents AGE generally; however, it is unknown if breastfeeding prevents

AGE caused specifically by norovirus and sapovirus.

Methods

We investigated the association between breastfeeding and norovirus or sapovirus AGE

episodes in a birth cohort. Weekly data on breastfeeding and AGE episodes were captured

during the first year of life. Stools were collected from children with AGE and tested by RT-

qPCR for norovirus and sapovirus. Time-dependent Cox models estimated associations

between weekly breastfeeding and time to first norovirus or sapovirus AGE.

Findings

From June 2017 to July 2018, 444 newborns were enrolled in the study. In the first year of

life, 69 and 34 children experienced a norovirus and a sapovirus episode, respectively.

Exclusive breastfeeding lasted a median of 2 weeks, and any breastfeeding lasted a median

of 43 weeks. Breastfeeding in the last week did not prevent norovirus (HR: 1.09, 95% CI:

0.62, 1.92) or sapovirus (HR: 1.00, 95% CI: 0.82, 1.21) AGE in a given week, adjusting for

household sanitation, consumption of high-risk foods, and mother’s and child’s histo-blood

group phenotypes. Maternal secretor-positive phenotype was protective against norovirus

AGE, whereas child’s secretor-positive phenotype was a risk factor for norovirus AGE.
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Interpretation

Exclusive breastfeeding in this population was short-lived, and no conclusions could be

drawn about its potential to prevent norovirus or sapovirus AGE. Non-exclusive breastfeed-

ing did not prevent norovirus or sapovirus AGE in the first year of life. However, maternal

secretor-positive phenotype was associated with a reduced hazard of norovirus AGE.

Introduction

Acute gastroenteritis (AGE) is a common cause of morbidity and mortality worldwide, with

the greatest burden among children in developing countries [1]. Human caliciviruses, which

include norovirus and sapovirus, are a leading cause of AGE in both outbreak and endemic

settings [2, 3]. Although people of all ages are susceptible to norovirus infections, the highest

morbidity and mortality is among young children and the elderly [2]. Sapovirus is increasingly

recognized as an important etiology of AGE among young children, with the prevalence rang-

ing from 5–17% depending upon the country, age group studied, and laboratory methods

used [4–7]. In the MAL-ED multi-site cohort study, sapovirus has been recognized as the sec-

ond highest attributable incidence of AGE in children under 24 months of age [8].

The protective effect of breastfeeding against childhood AGE is well established [9]. How-

ever, few studies have investigated the association between breastfeeding and specific causes of

AGE, such as from norovirus and sapovirus infections. The current evidence from the pub-

lished literature shows mixed results for norovirus and sapovirus; some studies have shown

that breastfeeding is associated with a decreased odds of infection, while others have shown no

reduction [10–13]. Moreover, when breastfeeding was assessed in these studies, there were

inconsistencies and lack of clarity in how breastfeeding frequency and exclusivity were treated

as analytic variables.

Along with breastfeeding, child and mother’s secretor phenotype affects individuals’ sus-

ceptibility to enteric infections. More specifically, the mother’s secretor phenotype can alter

breastmilk composition [14, 15], and the child’s secretor phenotype can increase or decrease

the risk for diarrheal diseases of specific etiology, including norovirus genogroups [16, 17].

However, limited evidence exists on the association between detailed breastfeeding history,

child’s and mother’s histo-blood group antigens (HBGAs) phenotypes, and the risk of norovi-

rus or sapovirus AGE [18].

Our research investigated the protective association between breastfeeding and incidence

of first norovirus and sapovirus AGE episodes during the first 12 months of life in a longitudi-

nal birth cohort study (SAGE) in León, Nicaragua. The SAGE birth cohort employs a rigorous

follow-up approach and a platform to study the weekly impact of breastfeeding on the inci-

dence and severity of norovirus and sapovirus infections. A secondary goal of the study was to

understand the combined impacts of child and maternal genetic factors on norovirus and

sapovirus AGE risk, and whether these influence the benefits of breastfeeding on AGE

prevention.

Materials and methods

Study design

The Sapovirus Associated GastroEnteritis (SAGE) study is a population-based birth cohort in

Léon, Nicaragua that aims to investigate the natural history, immunity, and transmission
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patterns of sapovirus and 13 other enteric pathogens associated with pediatric gastroenteritis.

The target sample size to detect a three-fold risk of sapovirus infection with 90% power among

children with an infected household member was 400. During the recruitment period between

June 2017 and July 2018, 991 expected births were identified from exhaustive pregnancy regis-

tries maintained by public health centers, which were highly representative of the full popula-

tion of León. A total of 742 mothers were contacted in their homes, of whom 585 were eligible

to participate and 444 agreed to participate (recruitment rate: 76%). Newborns were enrolled

between birth and 14 days of age and were followed weekly for up to 36 months. Ten fieldwor-

kers underwent training in administering surveys and collecting biological samples, then con-

ducted in-person household visits to collect baseline data on sociodemographic factors; weekly

data on breastfeeding behavior, supplemental feeding, and incidence of AGE episodes; and

monthly data on environmental and behavioral risk factors for AGE. Fieldworkers participated

in biweekly meetings to review study protocols and update trainings.

Measures

The main outcome was the first episode of AGE in which norovirus or sapovirus was detected

in the stool. AGE surveillance occurred weekly, and an AGE episode was characterized by

vomiting and/or diarrhea, defined as�3 stools that were loose or looser than normal in a

24-hour period, including notable changes to the stool, such as presence of blood or excessive

liquid. This analysis was restricted to the first detected episode of norovirus or sapovirus.

Breastfeeding practice was ascertained using a weekly questionnaire administered to the moth-

ers. Children for whom the answer to the question “Did you breastfeed your child yesterday?”

was “Yes” were considered breastfed. Children were considered to be exclusively breastfed

until the first week the mother answered “Yes” to the question “In the past week, has your

child received any food, formula, or liquids, including water or tea or liquid in a bottle, in addi-

tion to breast milk?”; children were considered non-exclusively breastfed thereafter. Children

were considered to have “any breastfeeding” if they received either exclusive or mixed breast-

feeding at any point in the first 12 months of the study.

Severity of norovirus or sapovirus episodes was summarized on a scale of 0–15 based on the

presence of the following symptoms and treatment-seeking behaviors: diarrhea lasting 1–2 days = 1

point, 3–4 days = 2 points, 5+ days = 3 points; vomiting lasting 1–2 days = 1 point, 3–4 days = 2

points, 5+ days = 3 points (0 points if no vomiting); maximum of 4–5 stools per day = 1 point, 6–7

stools = 2 points, 8+ stools = 3 points (0 points if no diarrhea); presence of fever = 3 points; intrave-

nous fluid received for dehydration = 3 points. This severity score was based on the method

described by Lee, et al, though we did not collect temperature when fever was reported [19].

Risk factors for AGE included socioeconomic status, nutrition, and secretor and Lewis phe-

notype. The presence of a toilet in the household at enrollment was a surrogate measure for

household income. On a monthly basis, mothers were asked if their child ate any food that is

associated with increased AGE risk, including seafood (any kind), raw fruits or vegetables (any

kind), or any food outside of the home. Considering the increasing evidence of the importance

of host genetic factors in modifying susceptibility to infections, including in a prior study con-

ducted in the same birth cohort [17], we adjusted for the child’s secretor and Lewis pheno-

types. Due to the additional potential for mother’s HBGAs phenotypes to be associated with

AGE risk [16], we also adjusted for mother’s secretor and Lewis phenotypes.

Sample collection and laboratory methods

Stool samples were collected from children with AGE within 10 days of the onset of symptoms.

Specimens were collected from a plastic container or a soiled diaper retrieved from the
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household within two hours of defecation and transported at 4˚C to the Microbiology Depart-

ment of UNAN-León for analysis. A 10% (wt/vol) suspension of stool was prepared using

phosphate-buffered saline (pH = 7.2). The samples were tested for norovirus and sapovirus

within 24 hours of collection.

Viral RNA extraction was performed on collected stool samples using the QIAamp Viral

RNA Mini Kit (Qiagen, Hilden, Germany), according to manufacturer’s instructions.

Extracted viral RNA from stool suspensions was analyzed by reverse transcriptase quantitative

polymerase chain reaction (RT-qPCR) for norovirus as previously described [20]. Sapovirus

infection was detected by RT-qPCR in stools as previously described [7]. Briefly, RT-qPCR

was performed with the AgPath-ID OneStep RT-qPCR Kit (Thermo Fisher Scientific, Wal-

tham, MA, USA) using the ABI 7500 Real-Time PCR System. A sample was considered posi-

tive for norovirus or sapovirus if the Ct value was� 35. HBGA phenotypes were determined

by analysis of saliva samples collected from cohort children at 6 months of age. Secretor and

Lewis phenotypes were determined using an in-house saliva-based ELISA as described previ-

ously [21]. In brief, secretor antigens (α1,2 fucose) present in saliva were recognized using the

Ulex europaeus lectin peroxidase (UEA-I, Sigma-Aldrich, Sweden) and Lewis antigens using

monoclonal anti-Lewis-a and anti-Lewis-b from Seraclone and Diaclone (Bio-Rad, Uppsala,

Sweden), respectively. Saliva with optical reading using UEA-I were classified as secretors; and

saliva with optical reading using anti-Lewis a or anti-Lewis b were classified as Lewis positive.

If the result was indeterminate, we tested the samples collected at 12 or 24 months of age.

Saliva samples from mothers were collected at the end of the study and tested for HBGAs phe-

notypes [22].

Data analysis

Breastfeeding exclusivity and duration, based on weekly household surveys, and incidence of

norovirus or sapovirus AGE episodes were summarized using descriptive statistics. Crude and

adjusted hazard ratios (HR) for the association between breastfeeding and norovirus or sapo-

virus AGE were estimated using time-dependent Cox proportional hazard models. Breastfeed-

ing behavior was measured weekly based on mothers’ reports. All children were followed from

baseline until 12 months of age, until they experienced a norovirus or sapovirus AGE episode,

or until they were lost to follow-up. This analysis is restricted to the first episode reported for

each child. Hazard ratios were adjusted for potentially confounding factors, including socio-

economic factors, consumption of high-risk foods, and the child’s and mother’s secretor and

Lewis phenotypes (positive or negative). Data were analyzed using SAS version 9.4 (Cary,

North Carolina) and Stata 14 (College Station, Texas).

This study was approved by Institutional Review Boards at the University of North Carolina

School of Medicine (IRB #: 20–0698), the National Autonomous University of Nicaragua

(UNAN)-León (IRB #: 00003342,) and CDC (Research determination: 0900f3eb81c526a7).

Results

Study population characteristics

Of 444 children recruited in the study, 443 (99.8%) completed at least one weekly follow-up

visit and were included in the analysis. By the 12-month visit, 375 children (84.6%) remained

enrolled in the study and 68 had withdrawn. Mothers of all 443 children reported having

breastfed their children at least once in the first 12 months of life. Half of the children received

exclusive breastfeeding at some point during the study (Table 1). The median duration of

exclusive breastfeeding was 2 weeks (IQR: 1–4 weeks), and the median duration of any breast-

feeding was 43 weeks (IQR: 18–49 weeks) (Table 1). Sixty-nine children (15.6%) experienced
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an AGE episode associated with norovirus genogroups GI and GII, and 34 children (7.8%)

experienced a sapovirus AGE episode in the first year of life. The median age at the first noro-

virus or sapovirus infection was approximately 8 months (Fig 1). The first peak of norovirus

infections occurred in January 2018, with subsequent peaks in mid- and late-2018 (Fig 2). A

single peak was identified for sapovirus, in mid-2018.

Severity of norovirus and sapovirus infections

Norovirus and sapovirus episodes were of moderate severity, having severity scores of 5 and

4.5, respectively, on a scale of 0–15. Four of the 69 norovirus episodes (5.8%) and three of the

34 sapovirus episodes were associated with diarrhea lasting more than 14 days, thereby becom-

ing persistent gastroenteritis [23]. Only norovirus episodes were associated with hospitaliza-

tion (n = 4), three of which required intravenous rehydration.

Maternal and child histo-blood group antigen profiles

Secretor phenotype was available for 311 mothers, 244 (78.5%) of whom were secretors, and

for 442 children, 395 (89.4%) of whom were secretors (Table 2). Most norovirus episodes

occurred among secretor-positive (98.5%) and Lewis-positive (85.5%) children, as did most of

the 34 sapovirus episodes (88.2% each for secretor and Lewis positive) (Table 2). Approxi-

mately three-quarters of norovirus and sapovirus cases occurred among children with secre-

tor-positive or Lewis-positive mothers. For norovirus, we observed inverse associations

between secretor-positive and secretor-negative children in risk of norovirus AGE; this associ-

ation was less pronounced with respect to maternal secretor status, and no such associations

were observed for sapovirus (Table 2).

Table 1. Characteristics associated with risk of acute gastroenteritis among children in a Nicaraguan birth cohort

(n = 443).

Variable n (%) or median (Interquartile Range)

Sex

Male 226 (51.0)

Female 217 (48.9)

Baseline risk factors

Presence of a toilet in the household 323 (72.9)

Child secretor-positive (n = 443) 395 (89.4)

Mother secretor-positive (n = 312) 244 (78.5)

Child Lewis-positive (n = 443) 373 (84.2)

Mother Lewis-positive (n = 312) 225 (72.4)

Breastfeeding

Number of children who received exclusive breastfeeding for any

duration

224 (50.6)

Median weeks of exclusive breastfeeding (IQR) 2 (1–4)

Median weeks of any breastfeeding (IQR) 43 (18–49)

Norovirus and sapovirus episodes

Sapovirus AGE episodes in first 12 months of life 34 (7.7)

Median age of child at first sapovirus AGE episode 8.4 (6.5–9.4)

Norovirus AGE episodes in first 12 months of life 69 (15.6)

Median age of child at first norovirus AGE episode 8.1 (5.7, 9.9)

https://doi.org/10.1371/journal.pone.0267689.t001
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Relative hazard of norovirus or sapovirus AGE by breastfeeding frequency

The model adjusted for socioeconomic factors, consumption of high-risk foods, and child’s

and mother’s genetic phenotypes showed no protective association of breastfeeding against

Fig 1. Time to first norovirus and sapovirus AGE episode in the first 12 months of life. This figure illustrates the

Kaplan-Meier survival curve for the 69 first norovirus episodes (Panel A), and the 34 first sapovirus episodes (Panel B).

https://doi.org/10.1371/journal.pone.0267689.g001
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norovirus episodes (HR: 1.09, 95% CI: 0.62, 1.92) (Table 3). In this model, child secretor-posi-

tive phenotype was the strongest risk factor for norovirus AGE (HR: 11.02, 95% CI: 1.50,

80.80), whereas mother secretor-positive phenotype was the strongest protective factor for

Fig 2. Seasonality of norovirus and sapovirus AGE episodes in the first 12 months of life. This figure illustrates the

timing of the 69 first norovirus episodes (Panel A) and the 34 first sapovirus episodes (Panel B) by month and year.

https://doi.org/10.1371/journal.pone.0267689.g002
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norovirus AGE (HR: 0.55, 95% CI: 0.29, 1.05). Lewis-positive phenotype of the child or the

mother was not significantly associated with protection against norovirus AGE. For sapovirus,

adjusted estimates showed no protective association of breastfeeding (HR: 1.00, 95% CI: 0.82,

1.21). For both norovirus and sapovirus, having a toilet in the household tended to confer

some protection against clinical disease, as did consumption of high-risk foods (seafood, raw

fruits or vegetables) and food outside the household (Table 3). For both pathogens, interaction

terms between nutrition and socioeconomic factors were not statistically significant.

Our study sample had a higher proportion of children who were secretor-positive com-

pared to mothers. When the analysis was restricted to mothers of secretor-positive children,

the protective association between mother secretor-positive phenotype showed slightly greater

protection against norovirus AGE (HR: 0.52, 95% CI: 0.27, 1.00).

In a post-hoc analysis, we estimated the association between breastfeeding and severity of

AGE episodes among children who experienced symptomatic norovirus (n = 69) and sapo-

virus (n = 34) infections. We used the median severity score (norovirus: 5; sapovirus: 4.5) as

the cutoff for severe versus non-severe episodes. Because of the reduced number of outcomes

in this analysis, the HR estimates were highly imprecise and did not suggest a definitive

Table 2. Child and maternal host genetic factors and incidence of norovirus and sapovirus.

Norovirus + Norovirus - Sapovirus + Sapovirus -

Child (n = 442) n = 69 (%) n = 372 (%) n = 34 (%) n = 408 (%)
Secretor + (n = 394; 1 missing) 68 (98.5) 326 (87.6) 30 (88.2) 365 (89.4)

Secretor—(n = 47) 1 (1.4) 46 (12.3) 4 (11.7) 43 (10.5)

Lewis + (n = 373) 59 (85.5) 313 (84.1) 30 (88.2) 343 (84.0)

Lewis—(n = 70) 10 (14.4) 60 (16.1) 6 (1.8) 66 (16.1)

Mother (n = 311) n = 61 n = 250 n = 25 n = 286
Secretor + (n = 244) 46 (75.4) 198 (79.2) 18 (72.0) 226 (79.0)

Secretor—(n = 67) 15 (24.5) 52 (20.8) 7 (28.0) 60 (20.9)

Lewis + (n = 225) 45 (73.7) 180 (72.0) 19 (76.0) 206 (72.0)

Lewis—(n = 86) 16 (26.2) 70 (28.0) 6 (24.0) 80 (27.9)

https://doi.org/10.1371/journal.pone.0267689.t002

Table 3. Crude and adjusted relative hazards between breastfeeding and norovirus and sapovirus AGE in first 12 months of life.

Norovirus AGE (n = 69) Sapovirus AGE (n = 34)

Crude HR Adjusted HR1 Crude HR Adjusted HR1

Breastfeeding in the last week

Any vs. none 1.31 (0.78, 2.21) 1.09 (0.62, 1.92) 0.99 (0.84, 1.17) 1.00 (0.82, 1.21)

Household sanitation

Toilet vs. latrine or no sanitation 0.56 (0.35, 0.91) 0.66 (0.38, 1.12) 0.58 (0.29, 1.16) 0.46 (0.21, 1.02)

Consumption of high-risk foods in the last month

Any vs. none 0.53 (0.29, 0.98) 0.69 (0.34, 1.41) 0.35 (0.16, 0.78) 0.36 (0.14, 0.90)

Child’s HBGA profile

Secretor+ vs. Secretor- 9.60 (1.33, 69.15) 11.02 (1.50, 80.80) 0.92 (0.32, 2.60) 1.71 (0.39, 7.51)

Lewis+ vs Lewis- 0.97 (0.49, 1.89) 0.88 (0.40, 1.94) 1.28 (0.45, 3.62) 1.63 (0.36, 7.27)

Mother’s HBGA profile

Secretor+ vs. Secretor- 0.81 (0.45, 1.44) 0.55 (0.29, 1.05) 0.68 (0.28, 1.62) 0.46 (0.36, 7.27)

Lewis+ vs Lewis- 1.11 (0.63, 1.97) 1.27 (0.66, 2.46) 1.22 (0.49, 3.06) 1.60 (0.55, 4.68)

HR = Hazard ratio
1Hazard ratios adjusted for all other variables in the table.

https://doi.org/10.1371/journal.pone.0267689.t003
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association between breastfeeding and AGE severity for norovirus (adjusted HR: 1.56, 95% CI:

0.65, 3.73) or sapovirus (adjusted HR: 1.46, 95% HR: 0.27, 7.85).

Discussion

Breastfeeding was predominantly non-exclusive among the mother-infant pairs in this Nicara-

guan birth cohort and was not associated with protection against norovirus and sapovirus

AGE episodes. Child’s secretor-positive phenotype was a strong risk factor for norovirus AGE

[17], whereas mother’s secretor-positive phenotype tended to be protective against norovirus

AGE in their children. These influences of secretor status were not observed for sapovirus

AGE, consistent with findings from prior studies indicating that sapovirus infects individuals

of all type I HBGA phenotypes [18, 24, 25]. A previous study further showed no binding of

sapovirus VLPs to type I HGBAs, corroborating the lack of association between secretor or

Lewis status on sapovirus infection risk [26].

The most recent World Health Organization (WHO) guidelines for infant and young child

feeding recommend exclusive breastfeeding for the first six months of life and list protection

against gastrointestinal infections among one of the chief benefits of exclusive breastfeeding

[27]. Most mothers in the cohort (98%) reported ever breastfeeding at enrollment. However,

the duration of exclusive breastfeeding in our study was short, which prevented us from arriv-

ing at definitive conclusions regarding the association between exclusive breastfeeding and

norovirus or sapovirus AGE. According to UNICEF, many Latin American countries, includ-

ing Nicaragua, have suboptimal breastfeeding practices, with only 32% of children younger

than six months being exclusively breastfed [28]. A prior study of breastfeeding practices in

León found only 12.7% exclusive breastfeeding for six months, and indicated that travel time

to a health center greater than one hour, as a proxy measure for living in a remote or rural

area, was associated with exclusive breastfeeding in the first six months of life [29]. In León,

most women have access to a health post in their neighborhoods, suggesting that exclusive

breastfeeding is less common in urban-dwelling women, and might be associated with greater

access to infant formulas and other feeding options.

Observed seasonality of norovirus infections are consistent with prior studies from León

[12, 30], and ours is the first study to show high regional sapovirus incidence in June and July,

consistent with the rainy season. Children experienced their first norovirus or sapovirus epi-

sodes at approximately 8 months of age, long after most mothers had stopped breastfeeding

exclusively and began introducing supplementary foods, suggesting that some maternally-

acquired immunity prevented infections in early infancy. However, Nicaraguan women are

guaranteed eight weeks of paid maternity leave after delivery, which may preclude exclusive

breastfeeding for the recommended six months as mothers return to the workforce [31]. Cul-

tural and social factors may also impact breastfeeding practices among young mothers in

urban areas, as they are uncomfortable breastfeeding in public or believe that prolonged

breastfeeding will negatively affect breast shape or volume [32, 33]. Given the limited duration

of exclusive breastfeeding in our population (median of 2 weeks), future studies should be con-

ducted in a different population where exclusive breastfeeding is practiced more widely and

for longer duration, or as part of a clinical trial that provided lactation support personnel who

would constantly advise and encourage new mothers enrolled in the study to continue exclu-

sive breastfeeding. These studies would allow us to better understand the association between

norovirus or sapovirus AGE and exclusive breastfeeding.

We were also surprised that consumption of high-risk foods and eating food outside of the

home were associated with protection against sapovirus AGE. Sapovirus infections are usually

transmitted by the fecal-oral route, and are less likely to be caused by foodborne outbreaks
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compared to norovirus [34]. This might explain why the risk of sapovirus AGE was not

affected by adjusting for consumption of high-risk foods, whereas protective association with

norovirus was attenuated and nullified on adjustment. We found that consumption of seafood

and fresh fruits and vegetables was positively associated with having piped water in the home,

which is a marker of higher socioeconomic status. If consumption of high-risk foods or other

nutritional practices were associated with other factors that were protective against sapovirus

AGE, the relationship between high-risk foods and sapovirus AGE could be confounded.

Our study, like others, shows that a higher risk of norovirus AGE in the first year of life is

associated with child’s secretor-positive phenotype but not with Lewis-positive phenotype [16,

17, 35]. However, an important finding in our study is the protective association of mother’s

secretor-positive phenotype on norovirus AGE, unlike other studies which have found fewer

norovirus infections among children of non-secretor mothers [36], an enhanced protection

against all-cause diarrhea in breastfed children of non-secretor mothers [37], or no effect on

norovirus infections [16]. The protective effect of mother’s secretor-positive phenotype noted

in our study might be explained by higher concentrations of specific human milk oligosaccha-

rides (HMO) and HBGAs in breastmilk, which in turn can inhibit norovirus binding to the

infant’s intestinal epithelium [38–40]. It is also possible that breastmilk from secretor-positive

mothers contains higher titers of norovirus-specific IgA that can neutralize norovirus in the

infant’s gut [36, 41, 42]. Another possible explanation is that secretor-positive mothers might

transfer higher titers of norovirus-specific IgG antibodies with broader specificity to their chil-

dren through the placenta, and such maternal antibodies contribute to limited infections very

early in life; the protective effect of maternal antibodies on norovirus disease has not been

extensively explored [43]. Future studies should further investigate these associations to better

understand the role of maternal secretor status on risk of norovirus or sapovirus AGE.

A limitation of this study was the limited duration of exclusive breastfeeding, which pre-

cluded making valid inferences regarding the association between exclusive breastfeeding and

norovirus or sapovirus AGE. Furthermore, 30% of mothers had missing data for the secretor

and Lewis phenotypes, and we did not impute missing data for this covariate. Thus, these

mothers were excluded from the adjusted analyses and the statistical power was decreased.

Studies of breastfeeding behavior may be subject to social desirability bias, as mothers may be

more likely to report exclusive breastfeeding in accordance with Ministry of Health recom-

mendations; however, the low reported frequency of exclusive breastfeeding suggests that this

bias plays a minor role in our study. We did not assess routinely-collected stools for asymp-

tomatic calicivirus infections, nor did we test all AGE stools for a wide panel of enteric infec-

tions. Thus, we cannot conclude that symptoms were caused by norovirus or sapovirus

infections specifically. It is possible that breastfeeding is associated with protection against

other enteric pathogens that we did not assess in the current analysis. Ongoing studies are

assessing pathogen-specific associations with breastfeeding across a wider array of pathogens,

accounting for the composition of breastmilk with respect to IgA antibodies and HMOs as

potential protective factors against AGE.

Despite these limitations, our study is one of the few studies to focus on breastfeeding as a

primary exposure to understand its association with norovirus or sapovirus AGE. In contrast

to previous studies that explored breastfeeding as a fixed variable, our study provides more

granular insight into breastfeeding treated as a weekly varying exposure, an approach that

closely mirrors actual practices. Our findings reinforce the importance of continuing to study

the protective benefits of breastfeeding and the mechanisms by which breastfeeding can pre-

vent early childhood infections. Our results also suggest that breastfeeding, especially non-

exclusive breastfeeding, may not be sufficient to reduce AGE associated with all enteric patho-

gens, and that combinations of interventions to reduce childhood AGE are warranted.
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1. Bányai K, Estes MK, Martella V, Parashar UD. Viral gastroenteritis. Lancet. 2018; 392(10142):175–86.

https://doi.org/10.1016/S0140-6736(18)31128-0 PMID: 30025810

2. De Graaf M, Van Beek J, Koopmans MPG. Human norovirus transmission and evolution in a changing

world. Nat Rev Microbiol. 2016; 14:421–433. https://doi.org/10.1038/nrmicro.2016.48 PMID: 27211790

3. Becker-Dreps S, Bucardo F, Vinje. Sapovirus: an important cause of acute gastroenteritis in children.

Lancet Child Adolesc Heal. 2019; 3(11):758–9.

4. Grant LR, O’Brien KL, Weatherholtz RC, Reid R, Goklish N, Santosham M, et al. Norovirus and Sapo-

virus Epidemiology and Strain Characteristics among Navajo and Apache Infants. PLoS One. 2017; 12

(1):e0169491. https://doi.org/10.1371/journal.pone.0169491 PMID: 28046108

5. Vielot NA, Butler AM, Brookhart MA, Becker-Dreps S, Smith JS. Patterns of Use of Human Papillomavi-

rus and Other Adolescent Vaccines in the United States. J Adolesc Heal. 2017; 61(3):281–7. https://doi.

org/10.1016/j.jadohealth.2017.05.016 PMID: 28739327

6. Johnsen CK, Midgley S, Böttiger B. Genetic diversity of sapovirus infections in Danish children 2005–

2007. J Clin Virol. 2009; 46(3):265–9. https://doi.org/10.1016/j.jcv.2009.07.008 PMID: 19695950

7. Kirkwood CD, Clark R, Bogdanovic-Sakran N, Bishop RF. A 5-year study of the prevalence and genetic

diversity of human caliciviruses associated with sporadic cases of acute gastroenteritis in young chil-

dren admitted to hospital in Melbourne, Australia (1998–2002). J Med Virol. 2005; 77(1):96–101. https://

doi.org/10.1002/jmv.20419 PMID: 16032716

8. Platts-Mills JA, Liu J, Rogawski ET, Kabir F, Lertsethtakarn P, Siguas M, et al. Use of quantitative

molecular diagnostic methods to assess the aetiology, burden, and clinical characteristics of diarrhoea

in children in low-resource settings: a reanalysis of the MAL-ED cohort study. Lancet Glob Heal. 2018; 6

(12):e1309–18.

9. North K, Gao M, Allen G, Lee AC. Breastfeeding in a Global Context: Epidemiology, Impact, and Future

Directions. Clin Ther [Internet]. 2022; 44(2):228–44. Available from: https://doi.org/10.1016/j.clinthera.

2021.11.017.

10. Olson D, Lamb M, Zacarias A, Lopez MR, Paniagua A, Samayoa-Reyes G, et al. Burden of Norovirus

Disease and Risk factors for Infection Among Children in Rural Guatemala. Open Forum Infect Dis.

2016; 3(Suppl_1, December 2016):658.

11. Saito M, Goel-Apaza S, Espetia S, Velasquez D, Cabrera L, Loli S, et al. Multiple Norovirus Infections in

a Birth Cohort in a Peruvian Periurban Community. Clin Infect Dis. 2014; 58(4):483–91. https://doi.org/

10.1093/cid/cit763 PMID: 24300042

12. Bucardo F, Nordgren J, Carlsson B, Paniagua M, Lindgren PE, Espinoza F, et al. Pediatric norovirus

diarrhea in Nicaragua. J Clin Microbiol. 2008; 46(8):2573–80. https://doi.org/10.1128/JCM.00505-08

PMID: 18562593

13. Knee J, Sumner T, Adriano Z, Berendes D, de Bruijn E, Schmidt WP, et al. Risk factors for childhood

enteric infection in urban Maputo, Mozambique: A cross-sectional study. PLoS Negl Trop Dis. 2018; 12

(11). https://doi.org/10.1371/journal.pntd.0006956 PMID: 30419034

14. Cabrera-Rubio R, Kunz C, Rudloff S, Garcı́a-Mantrana I, Crehuá-Gaudiza E, Martı́nez-Costa C, et al.
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