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Background.  Sapovirus is one of the principal agents of acute viral enteritis in children. Because it has not been routinely in-
cluded in diagnostic evaluations, the epidemiology and natural history remain poorly described.

Methods. A birth cohort of 1715 children from 8 countries contributed surveillance samples (n = 35 620) and diarrheal spe-
cimens (n = 6868) from 0 to 24 months of age. Sapovirus was detected by quantitative polymerase chain reaction concurrently to
other enteropathogens using multiarray cards. Logistic regression was used to identify risk factors, and longitudinal models were
employed to estimate incidence rates and evaluate evidence of protective immunity.

Results.  Sapovirus was detected in 24.7% (n = 1665) of diarrheal stools and 12.8% (n = 4429) of monthly surveillance samples.
More than 90% of children were infected and 60% experienced sapovirus diarrhea in the first 2 years of life. Breastfeeding and higher
socioeconomic status were associated with reduced incidence of infection and illness. Specimens with sapovirus detected had an
increased odds of coinfection with rotavirus (odds ratio [OR], 1.6 [95% confidence interval {CI}, 1.3-2.0]), astrovirus (OR, 1.5 [95%
CI, 1.3-1.7]), adenovirus (OR, 1.3 [95% CI, 1.1-1.5]), and Shigella (OR, 1.4 [95% CI, 1.3-1.6]). Prior infection with sapovirus con-
ferred a risk reduction of 22% for subsequent infection (hazard ratio [HR], 0.78 [95% CI, .74-.85]) and 24% for subsequent diarrhea
(95% CI, 11.0%-35.0%; HR, 0.76).

Conclusions.
of acquired immunity was observed even in the absence of genotype-specific analysis for this pathogen of known genetic diversity.
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Sapovirus is a common cause of early childhood diarrhea. Further research on coinfections is warranted. Evidence

Diarrhea remains a leading cause of death and long-term disa-
bility around the world [1]. Since the development and global
deployment of rotavirus vaccines, a growing proportion of
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epidemic and endemic gastroenteritis burden has been at-
tributed to the viruses of the Caliciviridae family, including
noroviruses and sapoviruses [2-5]. While noroviruses have
received comparably greater attention, advances in diagnostic
assays have facilitated increased understanding of sapovirus
epidemiology and genetic variation in recent years [6, 7].
Sapoviruses are single-stranded RNA viruses first identified
in humans in 1976 by electron microscopy [8] and soon after
classified as an etiologic cause of acute gastroenteritis interna-
tionally [9, 10].

The Etiology, Risk Factors, and Interactions of Enteric
Infection and Malnutrition and the Consequences for Child
Health and Development (MAL-ED) study, an 8-site multiyear
birth cohort study, demonstrated that 10 pathogens are
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responsible for 97.5% of diarrhea in children living in low- and
middle-income countries (LMICs) [11, 12].
second to Shigella only in incident cases of acute diarrhea in
this study [13], with an attributed incidence of 22.8 (95% con-
fidence interval [CI], 18.9-27.5) cases per 100-child years. This
high rate of illness is surprising as relatively little work has been

Sapovirus was

done on the epidemiology and clinical severity of sapovirus in
the community setting.

These findings highlight sapoviruses as enteropathogens of
greater public health significance than previously recognized.
Longitudinal, community-based studies are needed to de-
scribe the natural history and potential protective immunity of
sapovirus infection and clinical disease, particularly in early life
where the majority of enteric mortality and morbidity occurs.
We examine the epidemiology of sapovirus, the burden of in-
fection, and clinical characteristics of sapovirus diarrhea among
children 0-24 months of age. The longitudinal design and large
scope of the study also permit the evaluation of the protective
effect of prior infection on subsequent risk of infection, a no-
table gap in research on sapovirus to date.

MATERIALS AND METHODS

Study Population
MAL-ED was
(Bangladesh, Brazil, Pakistan, Peru, South Africa, Tanzania,

concurrently conducted in 8 countries

Nepal, and India) under a common protocol [14]. Singleton in-
fants weighing >1500 g were enrolled within 17 days of birth
and visited twice weekly over the first 24 months of life to create
a complete daily surveillance history for symptomatic illness.
All subjects were enrolled with informed parental permission
under national and international institutional review board ap-
provals. Enrollment and samples for this analysis were collected
between November 2009 and February 2012. Inclusion in this
analysis was limited to children completing the 24 months of
surveillance.

Stool Collection and Processing

Surveillance and diagnostic techniques have been extensively
described [13, 15, 16]. Stool was collected monthly during the
first year of the study and quarterly during the second year.
Additional samples were collected when diarrhea was detected
by twice-weekly active surveillance. Stool samples were avail-
able for 95.6% of episodes detected by surveillance. Stool was
aliquoted and frozen at —70°C pending analysis. Nucleic acids
were extracted from 200 mg of stool using the QIAamp Fast
stool kit (Qiagen), with a 2-minute bead beating step. As ex-
trinsic controls, 10° copies of phocine virus herpesvirus (gift
from Martin Shutten, Department of Virology, Erasmus
Medical Center, Rotterdam, The Netherlands) and 107 MS2
bacteriophage per sample were spiked to the buffers to mon-
itor the efficiency of extraction and the presence of inhibitors of

amplification. Equal volumes (20 uL) of DNA and RNA extracts
were added to 50 uL of buffer and 4 uL enzyme mix from the
Ag-Path-ID One Step reverse-transcription polymerase chain
reaction (PCR) kit and 6 pL of water for a reaction volume of
100 pL. The complete list of primer sets employed for the de-
tection of 40 enteropathogens can be found elsewhere [17-19].
Primers selected for sapovirus-targeted RNA-dependent RNA
polymerase, precise primer sequences are previously published
for this and other pathogens [11].

Specimens were mixed and added to array card and amplified
in a ViiA7 instrument (Life Technologies). Cycling conditions
were as follows: 45°C for 20 minutes and 95°C for 10 minutes,
followed by 40 cycles of 95°C for 15 seconds and 60°C for 1
minute. The cycle for a positive assay was 35 in runs in which
intrinsic controls of amplification and template-free negative
controls yielded valid results.

Data Descriptions and Definitions

Birthdate, sex, weight, anthropometrics, and demographic data
were collected at birth. Anthropometric data were acquired
monthly within 48 hours of the date of birth of the partici-
pant and normalized using 2016 World Health Organization
normative references [20]. Children were categorized as ex-
clusively breastfed from birth until intake of any liquid other
than breastmilk, medicine, or vitamins; as receiving a mixed
diet from when exclusivity terminated until the breastfeeding
was discontinued; and as weaned thereafter. Diarrhea severity
was evaluated using the Community Diarrheal Assessment
(CODA) score [21, 22], assigning scores of 1-15 based on ma-
ternal report of the presence and duration of fever, vomiting,
anorexia, liquid stools, and maximum stool output in a 24-hour
period during the defined episode. A wealth index comprised
of access to improved water and sanitation, assets, maternal ed-
ucation, and income (WAMI) was used to measure socioeco-
nomic status, as described elsewhere [23].

Statistical Analysis

Kaplan-Meier survival analysis was conducted to estimate time
to first infection and sapovirus incidence per 100 child-months.
Incidence rates of sapovirus infection and clinical disease were
calculated allowing for multiple failures (infections or clin-
ical episodes, respectively) per child. New episodes of infec-
tion or disease were separated from prior episodes by either a
sapovirus-negative stool sample or a period of 214 days from
prior detection.

A Cox proportional hazards model was used to generate
hazard ratios (HRs) comparing risk of incident sapovirus infec-
tion among children with vs without prior exposure. To provide
conservative estimates, we excluded infections occurring within
30 days of each other as possible episodes of persistent shed-
ding, resulting in the removal of 1175 stools from the immunity
analysis. Children contributed person-time to the “unexposed”
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group from birth until their first infection, and to the “exposed”
group thereafter. HRs were conducted using a Breslow method
for ties and robust variance to account for within-child clus-
tering of infections. The model accounted for within-child clus-
tering (nonindependence) of infections using a robust variance
estimator [24, 25].

Odds of sapovirus detection in diarrheal samples, compared
to surveillance stools, was calculated using logistic regres-
sion to assess whether sapovirus was associated with diarrhea
in each age group and country. Associations between demo-
graphic, socioeconomic, and anthropometric indicators, and
the population-averaged odds of sapovirus infection and diar-
rhea, were explored using a generalized estimating equations
approach to adjust for within-child correlations.

We used a Pearson X* test to examine whether levels
of coinfection with 9 of the other most prevalent patho-
gens (Shigella, rotavirus, adenovirus 40/41, enterotoxigenic
Escherichia coli [ETEC], norovirus, astrovirus, Campylobacter,
enteroaggregative E. coli [EAEC], and Giardia) were higher in
sapovirus than in all samples in the cohort and to determine
which species were associated with sapovirus at greater than
expected rates if coinfections sorted randomly. To evaluate in-
teraction between pathogens, we employed logistic regression
to estimate the odds of detection of prevalent pathogens in

diarrheal samples with and without concurrent sapovirus infec-
tion in a subsample of stools with at least 2 pathogens present.

RESULTS

Sapovirus Epidemiology in the First 2 Years of Life

A total of 1715 children contributed 42 488 stools (35 620
monthly surveillance stools and 6868 diarrheal samples) to the
analysis. Valid determinations of sapovirus were available from
97.5% of available specimens (n = 41 408). The distribution
of samples by age and site is detailed in Table 1. Across sites,
sapovirus was detected in 12.8% (n = 4429) of monthly surveil-
lance stools and 24.7% (n = 1665) of diarrheal samples from
birth to 24 months.

Median time to first detection of sapovirus was 8 months of
age. By 12 months of age, 75.0% of children had experienced
infection, and by 24 months cumulative detection of sapovirus
by PCR was nearly universal (93.6%) in surveillance stools.
Incidence of infection showed a rapid increase between 3 and
6 months (Figure 1A and 1B; Table 1), with rates stabilizing
at 16.0-18.4 episodes per 100 child-months between 6 and 18
months of age and then decreasing slightly to 14.0 (95% CI,
13.3-14.7) episodes per 100 child-months between 18 and 24
months of age across sites (Table 1).

Table 1. Incidence of Sapovirus Infection and Symptomatic lliness in 8 Low- and Middle-Income Countries
No. of Child- Total No. of No. of Incidence Rate Total No. of No. of Incidence Rate
Charac- Chil- Months Surveillance Sapovirus (95% CI) of Diarrheal Sapovirus Diar (95% CI) of
teristic dren at Risk Specimens Infections Sapovirus Infection Specimens rheal Episodes Sapovirus Diarrhea
Total 1715 40968.4 34662 5677 13.9 (13.56-14.2) 6746 1600 3.9 (3.7-4.1)
Age group, mo
0-5 1712 9365.7 7696 619 6.6 (6.1-7.2) 1642 173 1.8 (1.6-2.1)
6-11 1714 101071 8402 1695 16.8 (16.0-17.6) 2079 551 5.5 (5.0-5.9)
12-17 1714 10052.3 8672 1765 176 (16.8-18.4) 1680 512 5.1 (4.7-5.6)
18-24 171 11443.3 9892 1598 14.0 (13.3-14.7) 1345 364 3.2(2.9-35)
Country
Asia
Bang- 210 5029.2 4317 1064 21.2 (19.9-22.5) 1384 398 79 (72-8.7)
ladesh
India 227 5422.5 4774 795 14.7 (13.7-15.7) 640 171 3.2 (2.7-3.7)
Nepal 227 5445.4 5047 666 12.2 (11.3-13.2) 9N 178 3.3(2.8-3.9)
Paki- 246 5881.2 4638 1071 18.2 (17.2-19.3) 1841 378 6.4 (5.8-7.1)
stan
Africa
South 237 5637.2 4585 517 9.2 (8.4-10.0) 19 19 0.3 (.2-5)
Africa
Tan- 209 4996.2 4243 482 9.6 (8.8-10.5) 159 33 0.7 (.5-.9)
zania
South America
Brazil 165 3893.3 2844 132 3.4 (2.9-4.0) el N 0.3 (.2-5)
Peru 194 4663.5 4214 950 20.4 (19.1-21.7) 1601 412 8.8 (8.0-9.7)

Individuals, samples, person-time, and incidence rate of sapovirus diarrhea and infection are expressed as number of detections per 100 child-months, shown by age group and site. All
detections, whether asymptomatic or diarrheal, were considered episodes for calculation of incidence rates for infection. Only episodes of diarrhea with sapovirus detected were included
as events for calculation of incidence rates for diarrhea. New episodes of infection were defined as separated from prior episodes by either sapovirus-negative stool samples or a period of

>14 days from prior sapovirus-positive stools.
Abbreviation: Cl, confidence interval.
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Time to first sapovirus infection and symptomatic episode in 8 low- and middle-income countries. Detection of sapovirus in stools (4) and diarrhea samples (B)

increases rapidly between 3 and 6 months of age. Median time to first infection was 8 months, and by 24 months 94% of children had been infected. Sapovirus diarrhea
was experienced by half of the cohort with approximately equal proportions of disease in the first and second years of life. Abbreviations: BDG, Bangladesh—Dhaka; BRF,
Brazil—Fortaleza; INV, India—Vellore; NEB, Nepal—Bhaktapur; PEL, Peru—Loreto; PKN, Pakistan—Naushero Feroze; SAV, South Africa—Venda; TZH, Tanzania—Haydom.

By 12 months, 35.6% of children had experienced at least 1
episode of clinical diarrhea with sapovirus detected; this rose
to 49.9% by 24 months of age. Age-specific incidence rates
of sapovirus diarrhea demonstrated a similar distribution,
increasing from 1.8 (95% CI, 1.6-2.1) episodes per 100 child-
months between 0 and 5 months of age to a table peak of 4.7-5.9
episodes between 6 and 17 months of age, followed by a de-
cline to 3.2 (95% CI, 2.9-3.5) episodes of sapovirus diarrhea per
100 child-months in children 18-24 months of age. Detection
of sapovirus was more frequent in diarrheal samples than sur-
veillance stools; association of sapovirus and clinical diarrhea
was statistically significant across all age groups except for 0-2

months (Figure 2A), and across all study sites with the excep-
tion of South Africa (Figure 2B). Neither the mean duration
(4.6 days) nor severity (CODA score 3.0) of sapovirus diarrhea
significantly differed from all-cause diarrhea (4.9 days; CODA
score 2.9).

Incidence of sapovirus diarrhea was heterogenous across
sites, with children in Peru and Bangladesh experiencing 8 or
more episodes per 100 child-months, compared to <0.5 epi-
sodes in the same time period in Brazil or South Africa. These
trends were proportional to the frequency of all-cause diar-
rhea across sites (Figure 3). Notably, in sites with the lowest
levels of sapovirus detection, there were disparate trends in
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Figure 2.  Sapovirus detection in surveillance (asymptomatic) and diarrheal stool samples among children 0—24 months of age in 8 low- and middle-income countries.
Prevalence of sapovirus in stools from children with diarrhea or from surveillance stools by age (4) and study site (B) in 8 low- and middle-income countries worldwide.
Sapovirus is consistently associated with diarrhea throughout early childhood. *P < .01; **P< .001. Abbreviations: BDG, Bangladesh—Dhaka; BRF, Brazil—Fortaleza; INV,
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Figure 3. Incidence of sapovirus diarrhea and all-cause diarrhea among chil-
dren 0—-24 months of age in Etiology, Risk Factors, and Interactions of Enteric
Infection and Malnutrition and the Consequences for Child Health and Development
(MAL-ED) study sites in 8 low- and middle-income countries.

the relationship between infection and symptomatic illness: in
Brazil, detection occurred nearly exclusively in children with
diarrhea, whereas in South Africa, frequency of detection was
more evenly distributed between diarrheal and surveillance
samples (Figure 2B).

The mean duration of exclusive breastfeeding and weaning
was 53.8 and 511.1 days, respectively. Children in the cohort
underwent progressive linear growth shortfalls: mean enroll-
ment length-for-age z-score was —1.1, which fell to -1.4 at 12
months and -1.7 at 24 months. The average weight-for-age

z-score at enrollment was -1.2, which increased to -0.9 at 12
months before dipping again to -1.1 at 24 months. The ma-
jority of children (85.5%) had access to improved drinking
water at baseline, though only 21.2% had access to improved
sanitation. Just under half (44.8%) had caregivers who had
completed a primary education. Mean WAMI score was 0.55,
ranging from 0.21 in Tanzania to 0.83 in Brazil. After adjust-
ment for age and site, odds of sapovirus infection and diar-
rhea was significantly higher among children who received
mixed feeding (infection OR, 1.7, P < .001; diarrhea OR, 2.9,
P < .001) or were fully weaned (infection OR, 1.6, P < .001;
diarrhea OR, 2.6, P = .001) before their second birthday,
and significantly reduced per unit increase in WAMI score
(infection OR, 0.27, P = .001; diarrheal OR, 0.61, P = .023)
(Table 2).

Association With Other Enteric Infections

Detection of multiple enteropathogens in a single stool was
noted in 38.2% of stools. To examine coinfection with sapovirus
in the cohort, we compared the prevalence of 9 common patho-
gens (EAEC, Giardia, Campylobacter, norovirus, adenovirus,
astrovirus, Shigella, ETEC, and rotavirus) in sapovirus-positive
stools and all stools, and observed a higher than expected preva-
lence of every pathogen examined except EAEC in stools with a
concurrent sapovirus infection (Table 3). The odds of detecting
each pathogen was then compared between the sapovirus-
positive vs -negative stools, among a subsample of coinfected

Table 2. Factors Associated With Sapovirus Infection and Symptomatic lliness in 8 Low- and Middle-Income Countries

Sapovirus Infection

Sapovirus Diarrhea

Characteristic OR (95% CI) PValue OR (95% CI) PValue
Age (mo) 1.03 (1.02-1.03) .000 1.01 (1.00-1.02) .039
Site

Bangla- Ref Ref

desh

India 0.74 (.66-.82) .000 0.44 (.35-.56) .000

Nepal 0.56 (.60-.63) .000 0.46 (.37-.57) .000

Pakistan 0.83 (.75-.92) .000 0.83 (.69-.99) .040

South 0.60 (.63-.68) .000 0.06 (.04-.11) .000

Africa

Tanzania 0.47 (.41-.54) .000 0.09 (.06-.15) .000

Brazil 0.23 (.19-.28) .000 0.07 (.03-.13) .000

Peru 0.80 (.72-.89) .000 0.90 (.74-1.09) .268
Breastfeeding category

Exclusive Ref Ref

Mixed 2.80 (2.24-3.51) .000 5.54 (3.19-9.61) .000

Weaned 2.45 (1.92-3.13) .000 4.33 (2.41-7.80) .000
Anthropometrics

LAZ 1.00 (.96-1.04) .876 1.00 (.92-1.08) 931

WAZ 0.99 (.96-1.03) .666 0.99 (.92-1.07) .885
Socioeconomic status

WAMI 0.72 (.68-.88) .001 0.61 (.41-.93) .023

score

Adjusted ORs of experiencing sapovirus infection and diarrhea among children 0-24 months of age by age, geographic location, diet, nutritional indicators, and socioeconomic status.

Abbreviations: Cl, confidence interval; LAZ, length-forage zscore; OR, odds ratio; WAMI, water and sanitation, assets, maternal education, and income; WAZ, weight-forage zscore.
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Table 3. Prevalence of Coinfections With Sapovirus and Other Enteropathogens in 8 Low- and Middle-Income Countries

Prevalence of Coinfections

Odds of Detecting Each Pathogen in
Sapovirus-Positive (n = 2235) vs Sapovirus-
Negative (n = 13601) Stools With >2 Patho-

gens Present

Pathogen All Stools (n = 41408) Sapovirus-Positive Stools (n = 6094) Xz PValue Adjusted OR (95% ClI) PValue
Adenovirus 5977 (14.5) 1247 (20.8) <.001 1.3 (1.1-1.5) <.001
Astrovirus 4988 (12.1) 1201 (20.1) <.001 1.5 (1.3-1.7) <.001
Campylobacter 9321 (31.8) 1833 (41.6) <.001 1.1 (.9-1.3) 479
Giardlia 13515 (32.9) 2386 (39.9) <.001 1.2 (1.0-1.3) .022
Norovirus 6917 (16.8) 1096 (18.3) .001 0.9 (.8-1.0) .206
Rotavirus 2223 (5.4) 497 (8.3) <.001 1.6 (1.3-2.0) <.001
Shigella 4659 (11.3) 974 (16.2) <.001 14 (1.3-1.6) <.001
ETEC 2337 (8.0) 422 (9.6) <.001 1.0 (.8-1.2) .800
EAEC 8103 (27.7) 1227 (28.0) 618 1.1 (.9-1.3) 437

Prevalence of key pathogens was higher than expected in sapovirus-positive samples, relative to all samples. After adjustment for site, age, WAMI (water and sanitation, assets, maternal
education, and income) score, and breastfeeding, the odds of detecting adenovirus, astrovirus, Campylobacter, Giardia, rotavirus, and Shigella were greater in coinfected stool samples with

sapovirus concurrently present, relative to those without sapovirus present.

Abbreviations: Cl, confidence interval; EAEC, enteroaggregative Escherichia coli; ETEC, enterotoxigenic Escherichia coli; OR, odds ratio.

stools (stools with 22 pathogens present, n = 15 836). After ad-
justment for age, site, WAMI score, and breastfeeding category,
the strongest apparent interaction was with rotavirus, which
had 1.6 times the odds (OR, 1.6 [95% CI, 1.3-2.0]) of being
detected in a coinfection with sapovirus present, relative to a
coinfected stool without sapovirus present. Similarly, the excess
odds of detecting concurrent astrovirus was 50% (OR, 1.5 [95%
CI, 1.3-1.7]), Shigella 40% (OR, 1.4 [95% CI, 1.3-1.6]), adeno-
virus 30% (OR, 1.3 [95% CI, 1.1-1.5]), and Giardia 20% (OR,
1.2 [95% CI, 1.0-1.3]).

Protection Following Naturally Acquired Infection

In a model (n = 40 233 stools) adjusted for site, early child-
hood feeding (breastfeeding category), and WAMI score, we
observed evidence of protection following infection. After

removal of stools within the window of persistent shedding,
4919 total stools representing any sapovirus detection and 1153
representing sapovirus diarrheal episodes were included in
models of protective immunity. Prior sapovirus infection was
associated with decreased risk of subsequent sapovirus detec-
tion by 22% (95% CI, 16.0%-28.0%) and the risk of subsequent
sapovirus diarrhea by 24% (95% CI, 11.0%-35.0%), relative to
children with no prior sapovirus detection, after adjustment for
site, feeding status, and WAMI score (Table 4). The number of
prior detections also exhibited a dose-response association with
subsequent infection and clinical disease. Children with 1 prior
infection exhibited a 15% (95% CI, 9%-22%) decrease in sub-
sequent infections, whereas those with 22 infections had a 31%
(95% CI, 25%-37%) decrease, relative to those with no prior
evidence of sapovirus detection. Those with 1 prior infection

Table 4. Evidence of Natural Inmunity to Sapovirus Infection and Symptomatic lliness in 8 Low- and Middle-Income Countries

Exposure Prior Detection HR for Subsequent Infections (95% Cl) PValue HR for Subsequent Diarrhea  (95% CI)  PValue
Prior detection (any) None Ref Ref

Any 0.78 (.72-.84) <.001 0.76 (.65-.89) .001
No. of prior detections (any) 0 Ref Ref

1 0.85 (.78-91) <.001 0.83 (.71-.97) .020

>2 0.69 (.63-.75) <.001 0.67 (.66-.82) <.001
Prior sapovirus diarrhea None Ref Ref

Any 0.89 (.84-.95) <.001 1.31 (1.15-1.49) <.001
No. of prior sapovirus diarrhea episodes 0 Ref Ref

1 0.90 (.84-96) .002 1.24 (1.07-1.44)  .004

>2 0.86 (.79-.94)  .001 1.35 (1.13-1.60)  .001

In an analysis of 4919 stools representing infections occurring at least 30 days apart, prior infection with sapovirus was noted to decrease the risk of subsequent infection and disease,
after adjustment for site, early childhood feeding, and socioeconomic status. Children with prior sapovirus detection had a 22% lower risk of subsequent detection (95% Cl, 16%-26%)
and 24% lower risk of subsequent sapovirus diarrhea (95% ClI, 11%-35%). Children who had >2 prior sapovirus detections had a 31% (95% Cl, 25%-37%) decrease in their subsequent
risk of sapovirus diarrhea.

Children with prior sapovirus diarrhea had an 11% lower risk of subsequent sapovirus detections (95% Cl, 5%-16%), but a 31% increased risk of subsequent symptomatic (diarrheal)
episodes (95% Cl, 15%-49%). Children with >2 prior diarrheal episodes similarly had reduced risk of future infection (14% [95% Cl, 6%-21%]) but increased risk of future symptomatic
episodes (35% [95% Cl, 13%-60%]).

Abbreviations: Cl, confidence interval; HR, hazard ratio.
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had a 17% decrease (95% CI, 3%-29%), and those with 22 prior
infections had a 33% (95% CI, 8.0%-44%) decrease in episodes
of subsequent diarrhea, compared to children with no prior
sapovirus detections. Although experiencing prior sapovirus
diarrhea (symptomatic episodes) was also associated with a
reduction in future incidence of any infection (11% [95% CI,
5%-16%]), a 31% increased risk of subsequent symptomatic
(diarrheal) episodes (95% CI, 7%-44%) was observed among
these children relative to children without sapovirus diarrhea.
A similar dose response was noted, with 1 prior episode associ-
ated with a 24% increased risk (95% CI, 7%-44%) and 2 prior
diarrheal episodes with a 35% increase (95% CI, 13%-60%) in
risk of future diarrheal episodes relative to children who had
not experienced sapovirus diarrhea.

No changes to results were noted when a sensitivity analysis
was run excluding low-incidence sites (Brazil, Tanzania, South
Africa).

DISCUSSION

Reports of sapovirus burden and contribution to disease in
LMICs remain limited [26, 27]. Here we report on the inci-
dence of disease in 8 countries in a multisite birth cohort of
1715 children and >40 000 stool samples. The study found that
sapovirus was one of the principal enteropathogens identified
in samples from children with diarrhea in a follow-up study
using TagMan array cards, which employed detection targets
not included in the diagnostic algorithm of the initial micro-
biologic protocol.

One of the most notable findings that emerged was the het-
erogeneity in sapovirus detection across 8 countries with a
high burden of diarrheal disease and growth faltering in early
life. Greater duration of breastfeeding was significantly associ-
ated with reduced incidence during a critical period for child
growth and survival. However, these risk factors do not explain
the 20-fold difference in incidence rates of sapovirus diarrhea
observed in Tanzania and South Africa as compared to Peru
and Bangladesh when examined under a common protocol.
Differences in symptomatic disease were more pronounced
than in asymptomatic carriage between the high-sapovirus
and low-sapovirus sites, and interestingly, the proportion of in-
fections that were associated with symptoms differed vastly at
sites with lowest overall detection. No other pathogens exam-
ined in the MAL-ED study exhibited this level of intersite
heterogeneity, and environmental and host-level factors that
may explain this finding merit further research. Innate resist-
ance to calicivirus infection has been previously demonstrated
with select genogroups of rotavirus and norovirus, but in this
cohort neither sapovirus infection or diarrhea was associated
with secretor or Lewis status of the child or the mother [28].
Another innate factor that may modulate the pathogenicity of
sapoviruses in these contexts is differences in the gut microbiota,

whose differential composition has been shown to either poten-
tiate or resist colonization by different enteropathogens [29].
Enteropathogen-induced changes on commensal gut micro-
biota are beginning to be characterized for such diverse patho-
gens as norovirus [30, 31] and Campylobacter [32] and can
demonstrate select changes in microbiota that may alter host
susceptibility to other infections.

The occurrence of multiple pathogen coinfections is well-
documented, but remains poorly understood. In this study we
observed coinfections with 22 enteropathogens in more than a
third of all samples. The potential of microbe-microbe inter-
actions is broadly recognized, but the nature and impact of
these interactions are only beginning to be elucidated. We de-
tected evidence of increased prevalence and odds of coinfection
with several other enteropathogens in sapovirus-positive stools,
a finding that has not been replicated in other analyses of
coinfections in the same cohort [32, 33]. Viral coinfections have
been hypothesized to be associated with community-acquired
Clostridioides difficile infection [34]. Interactions between en-
teric viral infections [35] are less well described, a natural con-
sequence of the less advanced characterization of the human
virome. We noted in this study that the odds of sapovirus
coinfection were greatest for rotavirus. Given this observation,
it is notable that following the introduction of rotavirus vac-
cination, no changes in sapovirus infections were noted [36];
however, given the heterogeneity in sapovirus incidence ob-
served, extrapolation to other settings based on observations at
1 site should cautioned against.

Incidence estimates of community-based sapovirus infection
and diarrhea are comparable, though higher than prior estimates
in similar settings [26, 27]. A study conducted in Peru found sim-
ilar rates of infection and diarrhea in the first and second year of
life and recorded few cases of infection with the same genotype
among children, prompting authors to suggest that this was early
evidence of protective immunity [26]. Here we present findings
that demonstrate evidence of protective immunity following nat-
ural infection. Prior detection decreased the risk of subsequent
detection in stool by 22% and symptomatic diarrhea by 24%. We
observed evidence of dose-related protection, as children with
1 prior detection experienced a 15% reduction in risk, whereas
those with multiple prior detections experienced a 31% reduc-
tion in risk. The relative low level of protection observed may
be a result of the large genetic diversity among sapoviruses. The
finding that children with sapovirus diarrhea, despite this pro-
tection, were more likely to subsequently experience sapovirus
diarrhea suggests that there are factors of host vulnerability to
illness that are yet to be described, though they are not explained
by anthropometric indices of undernutrition, breastfeeding, or
histo-blood group antigens, which have been examined in this
cohort previously [28]. Nevertheless, demonstration of protec-
tion points to the value of genotyping sapovirus infections across
epidemiologic settings in order to guide vaccine development.
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The global distribution and burden of disease combined with
the expanding technologies that allow combinatorial vaccines
from different viral pathogens may allow for the inclusion of
sapovirus in future vaccines to better control acute gastroenter-
itis in children [37].
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