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Background. Although rotavirus and norovirus cause nearly 40% of severe endemic acute gastroenteritis (AGE)
in children <5 years of age in the United States, there are limited data on the etiologic role of other enteric viruses in
this age group.

Methods. We conducted active population-based surveillance in children presenting with AGE to hospitals,
emergency departments, and primary care clinics in 3 US counties. Stool specimens from these children and from
age-matched healthy controls collected between October 2008 and September 2009 were tested for enteric adenovi-
rus, astrovirus, sapovirus, parechovirus, bocavirus, and aichivirus. Typing was performed by sequencing and phylo-
genetic analysis.

Results. Adenovirus, astrovirus, sapovirus, parechovirus, bocavirus, and aichivirus were detected in the stool
specimens of 11.8%, 4.9%, 5.4%, 4.8%, 1.4%, and 0.2% of patients with AGE and 1.8%, 3.0%, 4.2%, 4.4%, 2.4%, and
0% of healthy controls, respectively. Adenovirus (type 41), astrovirus (types 1, 2, 3, 4, and 8), sapovirus (genogroups
I and II), parechovirus (types 1, 3, 4, and 5), and bocavirus (types 1, 2, and 3) were found cocirculating.

Conclusions. Adenovirus, astrovirus, and sapovirus infections were detected in 22.1% of the specimens from
children <5 years of age who had medical visits for AGE and tested negative for rotavirus and norovirus. No causal
role for parechovirus and bocavirus was found.
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Acute gastroenteritis (AGE) is a major cause of morbidi-
ty and mortality in pediatric populations worldwide.
Globally, an estimated 800 000 infants and young chil-
dren die from diarrhea each year [1]. Mortality is un-
common in developed countries, but diarrhea is often
associated with substantial medical and healthcare
costs and thus has a high economic impact on society
[2]. According to recent estimates, nearly 179 million

gastrointestinal illnesses occur each year in the United
States, of which 141.8 million (approximately 80%) are
caused by unspecified and/or unknown agents [3].

Viruses are the major etiological agents of AGE in
children <5 years of age. Group A rotavirus, norovirus,
enteric adenovirus, human astrovirus, and sapovirus are
established etiological agents of AGE. Other viruses,
such as aichivirus, human parechovirus, and human bo-
cavirus, have recently been described in patients with
diarrhea [4–8], but their association with AGE has not
yet been established as most data have been reported in
symptomatic individuals only and did not include age-
matched healthy controls. It is important to identify
specific etiologies of AGE in order to target potential
preventive interventions, such as vaccinations.

In the United States, most data on the viral etiology
of AGE in children <5 years of age are available for
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rotavirus and norovirus [9–13], with very few reports on the role
of adenovirus, astrovirus, and sapovirus [14–17].

To assess the impact of the US rotavirus vaccination
program, population-based active surveillance for AGE has
been conducted in young children in 3 US counties since 2006.
In fecal specimens from symptomatic children with AGE col-
lected between October 2008 and September 2009, we recently
reported the well-recognized enteric viral pathogens, rotavirus
and norovirus, in a total of 39.4% of samples from children
with AGE [12]. This surveillance program also provides a
unique opportunity to examine the role that other pathogens
and novel viruses with unknown pathogenicity play in children
with AGE. In the current study, we expanded testing for addi-
tional enteric viruses to include adenovirus, astrovirus, sapovi-
rus, bocavirus, parechovirus, and aichivirus and compared
their prevalence among age-matched healthy controls to deter-
mine whether these viruses were associated with clinical illness.

METHODS

NVSN Surveillance Network
The New Vaccine Surveillance Network (NVSN) conducts active,
population-based surveillance on viral causes of AGE in healthy
children <5 years of age seen in hospitals, emergency depart-
ments (EDs), and selected outpatient clinics in 3 US counties, as
previously described [10, 11]. The 3 sites—University of Roches-
ter (Rochester, NY), Vanderbilt University (Nashville, TN), and
Cincinnati Children’s Hospital Medical Center (Cincinnati,
OH)—together cover a catchment population of about 141 000
children <5 years of age.

Children between 15 days and 5 years of age with symptoms
of AGE (i.e., diarrhea [3 episodes within 24 hours] and/or vom-
iting [any episodes within 24 hours] lasting for ≤10 days) who
visited hospitals, EDs, and outpatient clinics at the 3 sites from
October 2008 through September 2009 were eligible to be en-
rolled in the study. Stool specimens were obtained within 14
days of the date of visitation or admission for AGE symptoms
(95% specimens were collected within 7 days).

Healthy controls were enrolled at the same sites during routine
well-child visits in the same period. Healthy controls were <5
years old, had no parental report of existing chronic conditions,
and had no diarrhea or vomiting within 14 days of enrollment.
Stool specimens from healthy controls were frequency matched
to those of patients with AGE on the basis of age in months and
were collected within 5 days of enrollment. Informed consent was
obtained from the parents or guardians of enrolled children. Insti-
tutional review board approvals were obtained from the Centers
for Disease Control and Prevention and from each study site.

Clinical and epidemiological data about the onset and dura-
tion of diarrhea, vomiting, fever, and treatment (oral rehydra-
tion/intravenous fluids) were analyzed to calculate the severity
score by a modified 20-point scale of the Vesikari system [18].

According to the scores obtained, the disease condition of each
patient was categorized as mild (score, 0–10), moderate (score,
11–14), or severe (score, 15–20).

Laboratory Testing
All specimens had been tested previously for group A rotavirus
by an enzyme immunoassay kit (Premier Rotaclone, Meridian
Bioscience, Cincinnati, OH) and for norovirus by a real-time
TaqMan reverse transcription polymerase chain reaction (RT-
PCR) assay [12, 19]. We tested 782 samples from children with
AGE and 499 samples from healthy controls.

Viral nucleic acid was extracted from 10% clarified stool
suspensions prepared in phosphate-buffered saline, using the
MagMax-96 Viral RNA Isolation Kit (Ambion, Foster City, CA)
according to the manufacturer’s instructions. All extractions were
performed on an automated KingFisher magnetic particle proces-
sor (Thermo Fisher Scientific, Pittsburgh, PA). The presence of
adenovirus, astrovirus, sapovirus, human parechovirus, human
bocavirus, and aichivirus was determined by real-time RT-PCR
or PCR, using the AgPath-ID One-Step RT-PCR kit (Applied Bi-
osystems, Foster City, CA) and virus-specific oligonucleotide
primers and probes (Table 1). For RNAviruses, reverse transcrip-
tion was performed at 45°C for 10 minutes, followed by inactiva-
tion of reverse transcriptase at 95°C for 10 minutes. PCR cycling
conditions for all viruses included 40 cycles of denaturation at 95°
C for 15 seconds and annealing/extension at 60°C for 1 minute.

Typing of positive samples was performed by conventional
PCR or RT-PCR, using the OneStep RT-PCR kit (Qiagen, Va-
lencia, CA) and virus-specific oligonucleotide primers (Table 1).
RT-PCR products were separated on 2% agarose gels, and the
amplicons of appropriate sizes were purified using the QIA-
quick gel extraction kit (Qiagen), followed by cycle sequencing
with BigDye Terminator v1.1 and 3130XL automated DNA se-
quencer (Applied Biosystems). Multiple sequence alignments
were performed using ClustalW [29], and phylogenetic analysis
was done using MEGA 4 [30]. Phylogenetic trees were generat-
ed using the neighbor-joining algorithm and Kimura 2-param-
eter distance model. The reliability of the phylogenetic trees
was tested by applying 1000 bootstrap replicates.

Statistical Analyses
We determined the prevalence of each virus in AGE samples
and determined whether there were statistically significant differ-
ences between the proportion of patients with AGE and healthy
controls with virus detected, using a χ2 test and a Fisher exact
test; P values of < .05 were considered statistically significant.

RESULTS

Prevalence of Specific Viruses
Overall, 782 children with AGE (324 who were hospitalized,
342 who presented to the ED, 116 who visited an outpatient
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Table 1. Oligonucleotide Primers and Probes Used for Detection and Genotyping of Enteric Viruses by Real-Time and Conventional
Reverse Transcription Polymerase Chain Reaction

Target Virus, Target
Region, Primer/Probe Oligonucleotide Primer/Probe Sequence (5’-3’)

Amplicon
Size (bp) Reference

Sapovirus

RdRp/Capsid (RT-qPCR)

SaV124F GAY CAS GCT CTC GCY ACC TAC NA [20]

SaV1F TTG GCC CTC GCC ACC TAC
SaV5F TTT GAACAA GCT GTG GCA TGC TAC

SaV1245R CCC TCC ATY TCA AAC ACTA

SaV124TP FAM-CCR CCTATR AAC CA-[MGB-NQF]
SaV5TP FAM-TGC CAC CAA TGTACC A-[MGB-NQF]

VP1 (Conventional RT-PCR)

SV-F13 GAY YWG GCY CTC GCY ACC TAC 802 [21]
SV-F14 GAACAA GCT GTG GCA TGC TAC

SV-R13 GGT GAN AYN CCA TTK TCC AT

SV-R14 GGT GAGMMY CCA TTC TCC AT
SV-F22 SMWAWTAGT GTT TGA RAT G 450

SV-R2 GWGGGR TCA ACM CCWGGT GG

Astrovirus

RdRp (RT-qPCR) GGC CAG ACT CAC AGA AGA GCA NA [22]

AsFF GTC CTG TGACAC CTT GTT TCC TGA

AsFr HEX-CCA TCG CAT TTG GAG GGG AGG ACC AGC GA-BHQ1
AstZFb

Capsid (Conventional RT-PCR)

Mon 269 CAACTC AGG AAACAG GGT GT 449 [23]
Mon 270 TCA GAT GCA TTG TCA TTG GT

Adenovirus

Fiber (qPCR)
JTVFF AAC TTT CTC TCT TAA TAG ACG CC NA [24]

JTVFR AGG GGG CTA GAA AAC AAA A
JTVFAP FAM-CGA AGA GTG CCC GTG TCA GC-BHQ1

Hexon (Conventional PCR)

Ad40F GCC GCA GTG GTC TTACAT GCACAT C 300 [25]
Ad41R CAG CAC GCC GCG GAT GTC AAA GT

Aichivirus

5’ UTR (RT-qPCR)
AN490 TGG SGTAAG GTT SRT GTG CC NA This study

AN491 ATA TCT GAG AMG RYG TTC CGC TG This study

AN492 ACA ATTAGC CCA GGY TCA GAT CC This study
AN493P FAM-GGY GGG GTACCT SCC TGG CAT TCC TRG G-BHQ1 This study

VP1(Conventional RT-PCR)

AN568 TNC CCC A NA This study
AN569 CKN GGA AC This study

AN570 CKN GGTAC This study

AN571 CKN GGG AC This study
AN572 CKN GGC AC This study

2A

AN573 CNC CTT G This study
AN574 CNC CCT G This study

VP3

AN560 CAR GCI TAY TGG AAR CAN GTN GA 587 This study
VP1

AN561 GGI ACI CTI GCN CCN GGN GGN GC This study
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clinic) and 499 healthy controls were enrolled. At least 1 virus,
including rotavirus (11.1%) and norovirus (14.5%) [12], was
detected in 523 (40.8%) of 1281 children. Overall, adenovirus,
astrovirus, and sapovirus were detected in 11.8%, 4.9%, and
5.4% of children with AGE, respectively, and in 1.8% (P < .001),
3% (P < .001), and 4.2% (P < .01) of the healthy controls, re-
spectively (Table 2). Fifty-six (60%) of the 93 patients who
tested positive for adenovirus were from the Rochester site.
This site also showed higher detection rates for rotavirus
(24.1%), norovirus (27.1%), and astrovirus (8.4%) in patients.

Both parechovirus and bocavirus were infrequently found and
had comparable prevalence (4.8% and 1.4%, respectively) in cases
and healthy controls (4.4% [P < .5] and 2.4% [P < .01], respective-
ly). Aichivirus was only detected in 2 children (0.2%) with AGE
and was not detected in controls (Table 2).

Coinfection with >1 virus, including rotavirus and norovirus
[12], was identified in 14.5% of all positive specimens, including
13.1% of specimens from patients with AGE and 1.3% from
healthy controls. Both children with aichivirus detected in their
stool and 70% of the parechovirus-positive specimens tested

Table 1 continued.

Target Virus, Target
Region, Primer/Probe Oligonucleotide Primer/Probe Sequence (5’-3’)

Amplicon
Size (bp) Reference

VP3
AN563 CTG CTT CGC AGG CCTACT GGA ARACNG TNG A 599 This study

VP1

AN562 AGA AGG GAC AGATGC ACC NGG NGG NGC This study
Parechovirus

5’ UTR (RT-qPCR)

AN344 GGCCCCWGRTCAGATCCAYAGT NA [26]
AN345 GTAACASWWGCCTCTGGGSCCAAAAG

AN257P (HEX)-CCTRYGGGTACCTYCWGGGCATCCTTC-(BHQ1)

2A (Conventional RT-PCR)
AN273 AARTAGTC NA [27]

AN274 AARTAATC
AN275 TCRCAGTT

AN276 TCRCAATT

2B
AN277 ATRAATTT

AN278 ATRAACTT

VP1 GAATAAAATGGTACTGANARNGTCATYTGYTC 299
AN357 ACC AAG GTT GAC AAC ATT TTY GGNMGN GC

AN369

Bocavirus

5’-UTR/NS1 (qPCR)

HBoV1F CCTATA TAA GCT GCT GCACTT CCT G NA [28]

HBoV1R AAG CCA TAG TAG ACT CAC CAC AAG
HBoV234F GCACTT CCG CAT YTC GTC AG

HBoV3R GTG GAT TGA AAG CCA TAA TTT GA

HBoV24R AGC AGA AAA GGC CAT AGT GTC A
HBoVP FAM-5’-CCA GAG ATG TTC ACT CGC CG-BHQ1

NS1 (Conventional PCR)

HBoVF1 GAG CTTAAC CTACTA GTD TAT GAA GAC TTA GT 459 This study
HBoVR1 CAT TAA GCAYTC YTC CCACCA This study

HBoVF2 GTA AAACGACGG CCA GTG TCC TGA ACTACT CCTWAT GCT TGA A 419 This study

HBoVR2 CAG GAA ACA GCTATG ACA GGC GTT GTC TGC ART CRT TAA A This study

Abbreviations: BHQ1, black hole 1 quencher; FAM, 6-carboxyfluorescein; HEX, hexachloro fluorescein; MGB, minor groove binder; NA, not applicable; NQF,
nonfluorescent quencher, RT-qPCR, reverse transcription-real-time polymerase chain reaction.

International Union of Biochemistry codes were used to denote mixed bases (e.g., Y = C or T). Sapovirus probes were labeled with FAM reporter dye at the 5’ end
and with MGB-NQF at the 3’ end of the oligonucleotide. Aichivirus and bocavirus probes were labeled with FAM reporter dye at the 5’ end and with BHQ1 at the 3’
end of the oligonucleotide. Astrovirus and human parechovirus probes were labeled with HEX reporter dye at the 5’ end and with BHQ1 at the 3’ end of the
oligonucleotide.
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positive for at least 1 other virus. Overall, norovirus was the
most frequently detected pathogen (57.8%) in mixed infections

(Table 3), with the combinations norovirus-astrovirus (15.7%)
and norovirus-adenovirus (15.7%) most commonly seen.

Clinical and Patient Characteristics Associated With Viral AGE
Seventeen (89.4%) of the 19 patients with sapovirus as a single
pathogen reported vomiting, while 12 (63.1%) of the patients
had diarrhea (Table 4). Ten (62.5%) of 16 patients with astrovi-
rus infections were afebrile. Overall, the majority (89.3%) of the
patients with adenovirus, astrovirus, or sapovirus infections as a
single pathogen presented with mild (score, 0–10) to moderate
(score, 11–14) disease severity, while 71.3% of the patients with
rotavirus and norovirus infections presented with moderate
(score, 11–14) to severe (score, 15–20) disease severity (Table 4).

The rate of adenovirus, astrovirus, and sapovirus detection
decreased with increased age and was more frequent in children
≤2 years of age in patients (76.9%; median age, 14.6 months)
and healthy controls (84.6%; median age, 11.5 months;
Figure 1). None of these viruses were detected in healthy con-
trols aged 4–5 years (Figure 1). The median age of sapovirus-
and astrovirus-positive patients was 18 months as compared to
6 and 8 months, respectively, for sapovirus- and astrovirus-
positive healthy controls (P≤ .05). However, no significant dif-
ference was found in the median age of patients and controls
positive for adenovirus, parechovirus, or bocavirus. Thirty-
eight (44%) of the 94 patients positive for adenovirus were ≤1
year of age (median age, 5.8 months). The majority (43.4%) of
patients and healthy controls who tested positive for bocavirus
were 13–24 months of age (median age, 19 months).

Seasonality
In patients with AGE, adenovirus was identified throughout the
year, with the highest proportion of positive test results (17.2%)
in June. Shedding of adenovirus in healthy controls was detected
from January through May, with the highest proportion seen in
April (Figure 2). In patients with AGE, sapovirus was detected

Table 2. Rates of Positivity for Rotavirus, Norovirus, Sapovirus, Astrovirus, Adenovirus, Aichivirus, Parechovirus, and Bocavirus Among
Children With Acute Gastroenteritis and Healthy Controls

Cincinnati (n = 562) Nashville (n = 376) Rochester (n = 343) Total (n = 1281)

Virus
Case

(n = 369)
Control
(n = 193)

Case
(n = 210)

Control
(n = 166)

Case
(n = 203)

Control
(n = 140)

Case
(n = 782)

Control
(n = 499)

Rotavirusa 51 (13.8) 0 41 (19.5) 0 49 (24.1) 1 (0.7) 141 (18.0) 1 (0.2)

Norovirusa 71 (19.2) 8 (4.1) 41 (19.5) 3 (1.8) 55 (27.1) 9 (6.4) 167 (21.4) 20 (4.0)
Sapovirus 22 (6.0) 17 (8.8) 9 (4.3) 2 (1.2) 7 (3.4) 2 (1.4) 42 (5.4) 21 (4.2)

Astrovirus 16 (4.3) 3 (1.6) 4 (1.9) 3 (1.8) 17 (8.4) 9 (6.4) 38 (4.9) 15 (3.0)

Adenovirus 25 (6.7) 4 (2) 12 (5.7) 3 (1.8) 56 (27.5) 2 (1.4) 93 (11.8) 9 (1.8)
Aichivirus 2 (0.5) 0 0 0 0 0 2 (0.2) 0

Parechovirus 28 (7.5) 13 (6.7) 5 (2.3) 6 (3.6) 5 (2.4) 3 (2.1) 38 (4.8) 22 (4.4)

Bocavirus 8 (2.1) 6 (3.1) 0 5 (3) 3 (1.4) 1 (0.7) 11 (1.4) 12 (2.4)

Data are percentage of subjects.
a Data were previously published [11, 12] and are included for comparison.

Table 3. Mixed Infections Identified in 76 Fecal Specimens
From Patients With Acute Gastroenteritis and Healthy Controls

Virusesa
Specimens,

No.
Percentage
Positivity

Rotavirus, norovirus 2 2.63
Rotavirus, sapovirus 4 5.26

Rotavirus, astrovirus 1 1.32

Rotavirus, adenovirus 2 2.63
Rotavirus, parechovirus 4 5.26

Rotavirus, bocavirus 3 3.95

Norovirus, sapovirus 5 6.58
Norovirus, astrovirus 12 15.79

Norovirus, adenovirus 12 15.79

Norovirus, aichivirus 1 1.32
Norovirus, parechovirus 9 11.84

Norovirus, bocavirus 1 1.32

Sapovirus, astrovirus 1 1.32
Sapovirus, adenovirus 3 3.95

Sapovirus, parechovirus 3 3.95

Sapovirus, bocavirus 1 1.32
Astrovirus, adenovirus 5 6.58

Parechovirus, bocavirus 1 1.32

Astrovirus, adenovirus,
parechovirus

2 2.63

Norovirus, sapovirus,
parechovirus

1 1.32

Norovirus, aichivirus,
parechovirus

1 1.32

Sapovirus, adenovirus,
parechovirus

1 1.32

Sapovirus, astrovirus, bocavirus 1 1.32

a Previously published rotavirus and norovirus data [11, 12] are included.
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throughout the year, with the highest prevalence (51.4%) from
March through July (Figure 2), while in healthy controls sapovi-
rus was detected from December through May. Astrovirus was
identified in samples collected from November through May
from both symptomatic and healthy children (Figure 2). Most
parechovirus infections in patients (31.5%) and healthy controls
(36.3%) were detected in July. Bocavirus was detected primarily

from December through June in both patients and healthy con-
trols. Because of the low incidence of aichivirus, a seasonal
pattern for this virus could not be determined.

Typing
Genogroup I (GI) sapoviruses were detected in 63.3% of the sap-
ovirus-positive patients, whereas GII sapoviruses were detected

Table 4. Comparison of Clinical Characteristics Associated With Single Infections of Rotavirus, Norovirus, Sapovirus, Astrovirus, and
Adenovirus in Children With Acute Gastroenteritis

Characteristic
Rotavirusa

(n = 126)
Norovirusa

(n = 125)
Sapovirus
(n = 19)

Astrovirus
(n = 16)

Adenovirus
(n = 68)

Diarrhea duration
0 6 20 37 6 13

0–95 h (1–4 d) 81 62 42 81 62

96–119 h (5 d) 7 6 0 6 15
≥120 h (≥6 d) 6 12 21 6 10

Diarrhea episodes per 24 h, maximum no.

0 6 20 37 6 13
1–3 23 28 21 19 28

4–5 23 17 16 25 12

≥6 47 34 26 50 47
Vomiting duration

0 6 5 11 31 15

0–23 h (1 d) 16 21 16 13 21
24–47 h (2 d) 21 21 37 38 28

≥48 h (≥3 d) 57 53 37 19 37

Vomiting episodes per 24 h, maximum no.
0 6 5 11 31 15

1 8 8 26 6 13

2–4 28 33 26 38 41
≥5 58 54 37 25 31

Fever, °C

≤37.0 23 55 47 63 51
37.1–38.3 36 19 21 19 24

38.4–38.8 16 6 5 13 6

≥38.9 26 21 26 6 19
Behavioral sign/symptom

Normal 4 11 11 13 13
Less playful or fussy/irritable 23 41 42 56 44

More sleepy or seizure 72 48 47 31 43

Treatment
None 26 31 47 38 28

Rehydration, no hospitalization 39 34 26 25 26

Hospitalization 35 31 32 38 46
Severity scoreb

0 to ≤10 19 39 53 50 43

11 to≤ 14 51 41 42 38 46
15 to 20 30 21 5 13 12

Data are percentage of subjects.
a Rotavirus and norovirus data from previous studies on the same sample collections were included [11, 12].
bBased on a modified 20-point scale of the Vesikari system [18]. Disease conditions are categorized as mild (score, 0–10), moderate (score, 11–14), or severe
(score, 15–20).
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in 75% of the sapovirus-positive healthy controls. The most
prevalent sapovirus genotype was GI.1 (35.2%), followed by
GI.2 (23.5%), GII.1 (17.6%), GII.UA (unassigned; 11.7%), GII.2
(5.8%), and GII.3 (5.8%; Figure 3A). Astrovirus type 1 was
identified in 51.7% of patients, whereas 57.1% of astroviruses
detected in the healthy controls were type 3. In addition, astro-
virus type 2 (in 19.4%), type 4 (in 8.3%), and type 8 (in 2.7%)
were identified (Figure 3B). All adenoviruses were type 41, and
both aichivirus strains were genotype B (Figure 3C). Four dif-
ferent parechovirus types (1, 3, 4, and 5) and 3 bocavirus types
(1, 2, and 3) were detected.

DISCUSSION

Our data highlight the important contribution of several
enteric viruses to the etiology of AGE in young US children,
identifying a virus in about two-thirds of them. With the
decline of severe rotavirus disease following the introduction of
rotavirus vaccines, noroviruses have emerged as the leading

cause of medically attended childhood AGE, and these 2
viruses accounted for 40% of AGE cases [12]. Our data demon-
strate that, in addition to norovirus and rotavirus, adenovirus
was the most frequently detected virus in patients with AGE,
followed by sapovirus and astrovirus. Overall, these 3 viruses
were detected in 22.1% of patients with AGE. Despite their fre-
quent detection in children with AGE, the presence of human
parechovirus and bocavirus in equal or higher numbers in
healthy controls does not support a causative role of these
viruses in endemic AGE in children <5 years of age. Consistent
with previous studies of the etiology of gastroenteritis in
pediatric populations in the United States, most viruses, with
the exception of adenovirus, showed a winter-spring seasonal-
ity [13, 31].

The prevalence of adenovirus in our study was higher
(11.8%) than reported previously [32]. This could primarily be
attributed to the high prevalence (27.5%) detected in children
at the Rochester site, suggesting strong geographic variability of
this virus. All adenovirus strains detected in this study were

Figure 1. Age distribution (among samples positive for each virus) of 5 enteric viruses (rotavirus, norovirus, adenovirus, astrovirus, and sapovirus) in chil-
dren <5 years of age with acute gastroenteritis (AGE) and healthy controls. Data on rotavirus and norovirus were previously published [11, 12] and are in-
cluded for comparison.

Figure 2. Seasonality of rotavirus, norovirus, adenovirus, astrovirus, and sapovirus infections in children <5 years of age in the United States from
October 2008 through September 2009. Data on rotavirus and norovirus were previously published [11, 12] and are included for comparison. Abbreviation:
AGE, acute gastroenteritis.
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Figure 3. Phylogenetic trees were constructed using the neighbor-joining method from nucleotide sequences of partial capsid regions of sapovirus (A),
astrovirus (B ), and aichivirus (C ) strains detected in this study and reference strains. The strains from this study are in bold and underlined, and the refer-
ence strains are indicated with their respective GenBank accession numbers. The numbers on the branches indicate bootstrap values. GII.UA denotes unas-
signed sapovirus GII genotype.
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type 41. Of note, 72% of all adenovirus positive samples from
Rochester were collected between March 2009 and September
2009. Interestingly, the positive adenovirus type 41 samples had
identical sequences and were equally distributed among hospi-
talized children, patients in the ED, and outpatients, suggesting
a summer epidemic due to this virus. Higher prevalence rates at
the Rochester site, compared with the Nashville and Cincinnati
sites, has been reported previously for rotavirus in 2007 [33]
but not for norovirus [11].

The prevalence and clinical symptoms associated with astro-
virus and sapovirus infections were in agreement with previous
reports on these infections in hospitalized children [14, 15, 34].
Interestingly, vomiting and not diarrhea was the primary
symptom in children testing positive for sapovirus, in contrast
to reports from Europe, Asia, and South America [34–36].
Since diarrhea is generally an eligibility requirement for most
AGE studies, the incidence of sapovirus infections may have
been underestimated in other studies.

Human parechovirus and bocavirus are known to cause
sepsis-like illness with meningitis and respiratory tract infec-
tions in children and young infants [37, 38]. These viruses are
mostly transmitted via the fecal-oral route and are thought
to be excreted in the feces without replication in the gastroin-
testinal tract [6]. However, frequent detection and the high
prevalence of these viruses in fecal specimens of children with
AGE worldwide have prompted questions about their possible
association with viral gastroenteritis [5, 6, 39]. We found a
higher or comparable prevalence of parechovirus and bocavirus
in healthy controls, compared with children with AGE. Fur-
thermore, most of the children with parechovirus also tested
positive for ≥1 other AGE-associated virus. Thus, our data do
not support the association of parechovirus or bocavirus with
AGE in this study population. Similar results from studies from
Southeast Asia and Europe also suggest that these viruses are
not associated with AGE in children <5 years of age [40].

Aichivirus was first isolated in the stool from a patient with
AGE in 1991 in Japan. Subsequently, aichivirus has been found
in 0.5%–4.1% of young children and adults with AGE [4, 41–43].
To our knowledge, our study is the first to report the detection of
aichivirus in US children, confirming a global distribution of
this virus, albeit at a low prevalence. However, both aichivirus-
positive specimens also tested positive for norovirus, making it
difficult to associate AGE symptoms specifically to aichivirus.

Fairly high percentages (13.1%) of the patients with AGE were
infected with multiple viruses. Some reports suggest that mixed
infections may be responsible for more-severe diarrhea [44, 45].
Most mixed infections included norovirus, identified in 21% of
fecal specimens from patients in this study population [12].
Combinations of norovirus-astrovirus and norovirus-adenovirus
were most frequently identified as coinfections. Most viruses
were detected in specimens from children <2 years of age,
which is in agreement with earlier reports [6,9,46]. Interestingly,

sapovirus and astrovirus were detected more commonly in pa-
tients aged 1–2 years, whereas in healthy controls these viruses
were more frequent detected in children <1 year of age.

Adenovirus type 41, GI.1 sapovirus, and astrovirus type 1
were the most prevalent genotypes detected, confirming previ-
ous molecular characterization of these viruses [15–17, 34]. Par-
echovirus types 1, 3, 4, and 5 were found cocirculating, with
parechovirus type 1 being the most frequently detected type,
similar to other studies [5, 8, 38, 40]. Although diarrhea has
been identified as a common symptom of parechovirus type 1
infection [47], our data do not confirm such an association.

While both bocavirus types (ie, 1 and 3) were identified in
the majority of the patients and controls, we did not find an as-
sociation with AGE. Bocavirus type 1 is typically associated
with respiratory tract infections, whereas the association of bo-
cavirus type 3 with human disease is currently unknown [7, 37].
All bocavirus type 2 infections in our study were identified only
in patients as single infections, indicating their possible associa-
tion with AGE, as described in previous studies [39]. Our study
has several limitations. First, the surveillance was conducted in
3 US counties that may not be representative of the entire US
population. Second, to assess whether the prevalence of adeno-
virus, astrovirus, and sapovirus in children <5 years varies year
by year, testing for these viruses should be extended to several
additional years.

In conclusion, 22.1% of AGE cases among hospitalized chil-
dren, children who presented to EDs, and outpatient children
<5 years of age in the United States were caused by adenovirus,
astrovirus, and adenovirus. Together with rotavirus and norovi-
rus, two-thirds of the children with AGE in our study had a
virus detected. With rotavirus rates significantly reduced
through the introduction of rotavirus vaccination in the United
States [48], it will be important to establish the etiology of unex-
plained AGE to better understand and reduce pediatric AGE.
Routine surveillance among children with AGE and healthy
controls, using multiplex assays for detection of enteric patho-
gens [49], will further help in the assessment of the role of these
agents in childhood diarrhea.
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