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Abstract

Background: Acute gastroenteritis (AGE) causes a substantial burden in the United States, but 

its etiology frequently remains undetermined. Active surveillance within an integrated healthcare 

delivery system was used to estimate the prevalence and incidence of medically attended 

norovirus, rotavirus, sapovirus, and astrovirus.

Methods: Active surveillance was conducted among all enrolled members of Kaiser Permanente 

Northwest during July 2014 – June 2016. An age-stratified, representative sample of AGE-

associated medical encounters were recruited to provide a stool specimen to be tested for 

norovirus, rotavirus, sapovirus, and astrovirus. Medically attended AGE (MAAGE) encounters 

for a patient occurring within 30 days were grouped into one episode, and all-cause MAAGE 

incidence was calculated. Pathogen- and healthcare setting-specific incidence estimates were 

calculated using age-stratified bootstrapping.

Results: The overall incidence of MAAGE was 40.6 episodes per 1000 person-years (PY), 

with most episodes requiring no more than outpatient care. Norovirus was the most frequently 
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detected pathogen, with an incidence of 5.5 medically attended episodes per 1000 PY. Incidence 

of norovirus MAAGE was highest among children aged <5 years (20.4 episodes per 1000 PY), 

followed by adults aged ≥65 years (4.5 episodes per 1000 PY). Other study pathogens showed 

similar patterns by age, but lower overall incidence (sapovirus: 2.4 per 1000 PY, astrovirus: 1.3 per 

1000 PY, rotavirus: 0.5 per 1000 PY).

Conclusions: Viral enteropathogens, particularly norovirus, are an important contributor to 

MAAGE, especially among children <5 years of age. The present findings underline the 

importance of judicious antibiotics use for pediatric AGE and suggest that an effective norovirus 

vaccine could substantially reduce MAAGE.

Summary:

During two years of active surveillance within an integrated healthcare delivery system, the 

incidence of medically attended gastroenteritis (MAAGE) was 40.6 episodes per 1000 person-

years (PY). The incidence of norovirus-associated MAAGE was 5.5 episodes per 1000 PY.
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INTRODUCTION

Acute gastroenteritis (AGE) causes a substantial burden in the United States, resulting 

in over ten million outpatient visits and over one million hospitalizations annually [1–3]. 

However, due to limited use of testing, AGE etiology frequently remains undetermined, 

particularly in the outpatient or Emergency Department (ED) setting, where >90% of AGE 

encounters do not have a pathogen-specific diagnostic code [1–5]. Available data indicate 

that viral pathogens—especially norovirus—play a large role in medically attended AGE 

(MAAGE) [6–8]. Given the maturity and impact of the rotavirus vaccination program 

in the United States [9, 10], and the ongoing development of several norovirus vaccine 

candidates [11], there is a need for updated incidence estimates of MAAGE and its 

viral etiologies across the age and clinical severity spectrums. Population-based active 

surveillance platforms can provide age- and healthcare setting–specific incidence estimates, 

which are useful in informing appropriate clinical management of AGE patients (e.g., 

promoting judicious use of antibiotics) as well as in targeting interventions such as vaccines. 

This study used active surveillance of the Kaiser Permanente Northwest (KPNW) member 

population to estimate the prevalence of four viral enteropathogens (norovirus, rotavirus, 

sapovirus, and astrovirus) among MAAGE across the age spectrum and to generate age-, 

healthcare setting-, and pathogen-specific estimates of MAAGE incidence.

METHODS

Active, Population-based Surveillance for MAAGE

A detailed description of the surveillance methods in this study has been published 

previously [12]. Briefly, active surveillance for all MAAGE encounters (including remote 
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encounters [email, telephone, or video visits], outpatient visits, ED visits, and hospital 

admissions) was conducted during April 2014 – September 2016 among all enrolled 

members of KPNW, an integrated health care delivery system with approximately 605,000 

members in the Portland, Oregon metropolitan area. A random, age-stratified, representative 

sample of medical encounters with an International Classification of Disease – Clinical 

Modification (ICD-CM) code for AGE (in-person encounters) or a chief complaint 

referencing AGE (remote encounters) were recruited for study participation (Supplemental 

Table 1); ICD-CM version 9 (ICD-CM-9) was used during April 2014 – September 30, 

2015, after which version 10 was used exclusively. Age groups <5 years and ≥75 years 

were oversampled to enable more precise incidence estimates. Participants who provided 

informed consent, completed a baseline survey and indicated willingness to complete 

a follow-up survey, and provided a viable stool specimen (separate from any clinical 

diagnostic specimen) were considered study completers. Additional information on study 

completers was abstracted from electronic health records and related databases. This project 

was reviewed and approved by the KPNW Institutional Review Board (FWA00002344).

Stool specimens were tested for norovirus, rotavirus, sapovirus, and astrovirus RNA at the 

Oregon State Public Health Laboratory (OSPHL) using CDC-developed TaqMan real-time 

reverse transcription polymerase chain reaction (RT-PCR) protocols, and positive specimens 

were genotyped using Sanger sequencing [12]. Rotavirus-positive specimens at OSPHL 

were re-tested at CDC by commercial enzyme immunoassay (EIA) and genotyped using 

updated methods [13–15]; only those specimens testing positive by both RT-PCR and EIA 

were considered positive for rotavirus, for comparability with previous studies based on 

EIA, and because EIA is often considered to better correlate with rotavirus-associated 

clinical illness [16].

All-cause and Pathogen-specific MAAGE Incidence Estimation

For each unique patient, we grouped all MAAGE encounters occurring within 30 days of 

each other into a single episode with an index date corresponding to the first MAAGE 

encounter for that episode. Unique MAAGE episodes were categorized hierarchically based 

on the highest level of care received (i.e., inpatient>ED>outpatient>remote). Additionally, 

each MAAGE episode was classified by age group (defined by the patient’s age at the 

index encounter), whether or not a stool specimen was tested (i.e., study completer), and 

the stool testing results (viral positivity). We restricted this analysis to MAAGE episodes 

with an index date during the 2-year study period from July 2014 through June 2016, to 

account for seasonal variability in all-cause and pathogen-specific MAAGE incidence. To 

address uncertainty introduced by the fact that not all MAAGE episodes were tested, we 

utilized bootstrapping [17] to generate age group-, healthcare setting-, and pathogen-specific 

estimates of MAAGE incidence and the corresponding 95% confidence intervals (CI). 

Incidence numerators were calculated in 1000 replicates (sampling with replacement); point 

estimates were calculated by applying the median of the replicate estimates to population 

denominators, and confidence limits by applying the 2.5th and 97.5th percentiles. Incidence 

and prevalence estimates are presented by various age groups that account for the sampling 

scheme. Analyses were conducted in SAS (Cary, NC, v 9.3) and the R Environment for 

Statistical Computing (version 3.4.2).
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RESULTS

Incidence of All-Cause MAAGE

During July 2014 – June 2016, there were a total of 42,030 unique MAAGE episodes 

presenting to KPNW, corresponding to an overall incidence of 40.6 MAAGE episodes 

per 1000 person-years (PY). Based on the highest level of care received, most MAAGE 

episodes were classified as outpatient visits (35,068 episodes, 83.4%, 33.9 per 1000 PY); 

3,169 (7.5%, 3.1 per 1000 PY) were ED visits; 2,922 (7.0%, 2.8 per 1000 PY) were remote 

encounters; and 871 (2.1%, 0.84 per 1000 PY) were hospitalizations. Children aged <5 years 

and adults aged ≥65 made up a disproportionately large share of MAAGE episodes (children 

<5: 10.3% of episodes vs. 4.8% of KPNW population; adults ≥65: 24.8% vs. 16.6%). Other 

age groups were under-indexed: children aged 5 – 17 made up 14.9% of the population 

and 9.6% of MAAGE episodes, while adults 18 – 64 made up 63.7% of the population and 

24.75% of MAAGE episodes.

The greatest incidence of MAAGE was observed among children aged <2 years, specifically 

6–11-month-olds (167 per 1000 PY) and 12–17-month-olds (164 per 1000 PY) (Figure 

1). Similarly, when stratifying by healthcare setting, the highest rates of outpatient and 

ED visits were seen in children aged 6–11 months (150 per 1000 PY and 14.2 per 1000 

PY, respectively) and those aged 12–17 months (148 per 1000 PY and 11.4 per 1000 PY, 

respectively) (Figure 1). In contrast, incidence of hospitalizations and remote encounters 

were greatest among adults aged ≥65 years (2.7 per 1000 PY and 5.9 per 1000 PY, 

respectively), and rates increased with increasing age within this group (Figure 1).

Viral Prevalence among MAAGE

Following age-stratified sampling for recruitment, screening for eligibility, and consenting 

[12], there were 2,633 (6.3%) unique MAAGE episodes within our analysis period for 

which the patient was a study completer (Supplemental Figure 1). Across all encounter 

types and age groups (except ≥85 years), norovirus was the most frequently identified study 

pathogen (detected in 7 – 32% of tested samples), followed by sapovirus, astrovirus, and 

rotavirus (Supplemental Table 2). Among norovirus-positive samples, GII.4 (most often 

GII.4 Sydney) was the most prevalent genotype, particularly in the youngest (<5 years) and 

oldest (≥75 years) age groups (Supplemental Table 3).

All four viruses were detected more frequently among children than adults, although 

infections occurred throughout the age spectrum (Supplemental Table 2). The highest 

prevalence of norovirus and astrovirus was observed among children aged 18–23 months 

(32% and 8.3%, respectively), whereas sapovirus was most prevalent among infants aged 

6–11 months (12%) and rotavirus was most prevalent among children aged 5–17 years 

(3.8%). In most but not all age groups, the prevalence of norovirus was higher in the ED 

compared with the outpatient setting (Supplemental Table 2). When viral prevalence was 

plotted by month, a clear peak was evident for rotavirus in the spring of 2015, but trends 

were less clear for the other viruses (Figure 2). Stratifying MAAGE episodes by patient 

survey-reported symptoms (vomiting and diarrhea, diarrhea only, or vomiting only), the 

prevalence of norovirus was much higher among patients reporting vomiting, compared 
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with those reporting only diarrhea (Table 1), especially among children <5 years of age. 

Diarrhea-only MAAGE episodes were less likely to test positive for one of the study viruses 

compared with MAAGE episodes where the patient reported vomiting (with or without 

diarrhea).

One third (886; 33%) of MAAGE episodes that underwent study testing, of which 118 

(13%) were positive for ≥1 study virus, also had data from clinical diagnostic testing. 

Inconsistent results were rare (n = 2 [<1%], both rotavirus). Co-infection with a non-

study pathogen (viral or non-viral) was uncommon (n = 7 [6%]; 5 C. difficile and 2 

Campylobacter).

Incidence of MAAGE Associated with Norovirus, Rotavirus, Sapovirus, or Astrovirus

Of the four viral enteropathogens assessed, norovirus had the highest estimated MAAGE 

incidence (5.5 per 1000 PY, 95% CI: 4.8–6.1), followed by sapovirus (2.4 per 1000 PY, 95% 

CI: 2.0–2.8), astrovirus (1.3 per 1000 PY, 1.0–1.6), and rotavirus (0.5 per 1000 PY, 95% 

CI: 0.3–0.7) (Figure 3). This pattern was similar across all four healthcare settings (Figure 

3). MAAGE incidence for all four viruses was greatest among children aged <2 years, with 

peak incidence for norovirus and sapovirus occurring in 6–11-month-olds (47.7 per 1000 

PY and 20.0 per 1000 PY, respectively), for astrovirus in 12–17-month-olds (10.0 per 1000 

PY), and for rotavirus in 18–23-month-olds (3.1 per 1000 PY) (Figure 4). Incidence of viral 

MAAGE generally declined with increasing age, although somewhat elevated incidence of 

MAAGE associated with norovirus, sapovirus, and rotavirus was observed among adults 

aged ≥65 years (Figure 4). Viral incidence estimates stratified by age group and healthcare 

setting were limited by small cell sizes; thus, estimates are only available for age–setting 

strata with at least one positive stool specimen (Supplemental Tables 2 and 4).

DISCUSSION

This is the first population-based, prospective cohort study for MAAGE across the 

age spectrum in the United States and demonstrates the key role played by four viral 

enteropathogens—particularly norovirus. In this study population, approximately 1 in 25 

people experience a medically attended episode of AGE each year, approximately 1 in 

4 children will have a MAAGE episode by the end of the second year of life, and 

approximately 1 in 10 children will have a medically attended episode of norovirus by 

the time they turn 5.

Our estimates of the overall, all-ages incidence of MAAGE are similar to other U.S. 

estimates. In our cohort, AGE hospitalizations occurred at a rate of 0.9 per 1000 PY, similar 

to, though somewhat lower than, previously estimated rates of 1.2–4.0 per 1000 PY [2, 3]. 

Similarly, our outpatient MAAGE rate of 38 per 1000 PY was slightly lower than estimates 

from other U.S.-based studies, which ranged from 47 to 54 per 1000 PY [1, 3, 18]. However, 

previous estimates of AGE rates may represent different subsets of the U.S. population than 

our KPNW cohort. Further, we excluded diarrheal episodes from patients with a history 

of chronic gastrointestinal disease and grouped AGE-related encounters occurring within 

30 days into single episodes. Both of these practices likely contributed to a lower overall 

MAAGE incidence compared with analyses based solely on administrative data, which often 
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apply no restrictions based on chronic disease and typically use AGE encounters to form 

rate numerators. Additionally, KPNW encourages remote consultations, which may have 

lowered outpatient rates as compared to other healthcare networks. Nonetheless, the overall 

patterns of AGE observed in our study, wherein the highest outpatient burden was observed 

in children and the highest hospitalization rates observed in the elderly, are consistent with 

other analyses [1–3].

Notably, our study provides the first active surveillance-based estimates of norovirus 

incidence in the United States. As reported by several other U.S.-based surveillance 

platforms, norovirus was the most commonly detected pathogen, and GII.4 was the most 

commonly detected norovirus genotype [19–22]. Our norovirus estimates are broadly similar 

to other U.S.-based estimates, albeit slightly lower than most: we estimated 0.1 norovirus-

associated hospitalizations per 1000 PY, as compared to previous estimates of 0.09–0.4 

per 1000 PY [2–4, 23]; 0.7 ED visits per 1000 PY, as compared to previous estimates of 

0.6–1.5 per 1000 PY [1, 3, 23]; and 4.4 norovirus-associated outpatient visits per 1000 PY, 

as compared to previous estimates of 1.0–7.5 per 1000 PY [1, 3, 18, 19, 23]. Our estimates 

of norovirus-associated hospitalizations and ED visits are closest to those of Karve, et al. 
(0.09 hospitalizations and 0.6 ED visits per 1000 PY), who used a different methodology but 

also grouped MAAGE encounters occurring within a short time period into a single episode 

[23]. However, none of the other U.S. studies grouped encounters into episodes, and passive 

surveillance can be biased by clinician testing practices [1–4, 18, 19]. Norovirus incidence 

may also vary geographically within the U.S. [21, 22]. We found that norovirus was more 

prevalent among persons reporting a history of vomiting, compared with those reporting 

only diarrhea; this pattern was especially pronounced in children <5 years of age and 

consistent with research among Canadian children <5 years old [24]. The high prevalence of 

norovirus among vomiting-only presentations has implications for AGE surveillance as well 

as clinical diagnosis of AGE. Mirroring overall patterns of MAAGE, and consistent with 

other studies, we found the highest norovirus incidence among young children, followed by 

older adults [1–3, 18, 19, 25]. We also confirmed the expanded role of norovirus (relative to 

rotavirus) in MAAGE in children <5 years old in the setting of a mature rotavirus vaccine 

program [7, 8, 26].

After norovirus, sapovirus was the most frequently detected viral pathogen in our cohort, 

followed by astrovirus, with outpatient incidence estimates of 2.0 per 1000 PY and 1.1 per 

1000 PY, respectively. Previously, passive surveillance in two Kaiser Permanente networks, 

including KPNW, also found sapovirus and astrovirus to play an important role, though with 

slightly lower incidence estimates of 1.6 per 1000 PY and 0.6 per 1000 PY, respectively 

[19]. Other U.S. studies in children have also suggested an increased relative prevalence of 

sapovirus following universal rotavirus vaccine introduction [7, 27, 28]. Among children <5, 

our estimate of astrovirus outpatient incidence (5.5 per 1000 PY) was highly comparable to 

that reported by the New Vaccine Surveillance Network (NVSN; ranging 3.2 – 8.7 per 1000 

PY for the years 2013–2015) [28].

Rotavirus demonstrated the lowest incidence out of all the study viruses (0.5 per 1000 PY) 

but was also the only virus for which we required both RT-PCR and EIA positivity. Our 

estimates of outpatient rotavirus incidence (1.3 per 1000 PY) and ED rotavirus incidence 
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(0.3 per 1000 PY) among children <5 were somewhat lower than estimates reported 

from NVSN (outpatient incidence of 5.5–17.7 per 1000 PY for the years 2013–2015; ED 

incidence ranging 0.8 – 11.1 per 1000 PY for the years 2009–2010) [8, 28]. However, 

these reports include earlier time periods, and rotavirus circulation in the U.S. has been 

decreasing since vaccine introduction in 2006, with a biennial pattern wherein even years 

demonstrate even further dampened activity [9, 29, 30]; we observed this pattern in our 

data, with estimated rotavirus prevalence and incidence for the seasonal year 2014–2015 far 

exceeding that in 2015–2016. High rotavirus vaccine coverage in this population may also 

have contributed to lower incidence [13].

The present study should be considered in relation to the following limitations. Not 

all MAAGE episodes were tested for the study viruses. Further, small sample sizes 

in some strata limited our ability to precisely estimate pathogen-specific incidence in 

certain age group-setting combinations. However, study participants were recruited using 

age-stratified random sampling, and submission of stool samples was high among those 

enrolled (76%) [12]. The present study made no adjustment for the possibility of detection 

of non-causative viral pathogens in stool samples (e.g., detection of viral RNA from an 

earlier or asymptomatic infection unrelated to the present illness). However, clinical testing 

of samples from this study identified a low prevalence of co-infection with non-study 

pathogens. Further, in a separate study of the KPNW population during a similar time 

period, the prevalence of these four pathogens among persons not experiencing AGE was 

much lower than among persons experiencing AGE (Schmidt et al. in preparation). As 

in many other studies, we identified MAAGE episodes using ICD codes. However, ICD 

codes have been found to have only moderate sensitivity for AGE in some settings, even 

when including vomiting-only codes [31]. This lack of sensitivity could have affected not 

only our overall MAAGE incidence estimates (biasing them downwards), but also our 

pathogen-specific MAAGE estimates, especially if episodes missed by our ICD code set or 

chief complaint text were more or less likely to have been attributable to one of the study 

pathogens. Additionally, our study period spanned the transition from the 9th version to the 

10th version of ICD-CM; this could have affected our estimates if the sensitivity of the 

ICD code set was different in each version. Because study testing lagged symptom onset 

by more than a few days in some episodes, estimates could have been biased downwards if 

participants were no longer shedding a study virus that had caused their illness. However, 

the vast majority of stool samples for this cohort were collected within 10 days of the 

encounter (median 6 days) [12]. Further, fecal shedding ≥14 days has been documented as 

common among children infected with sapovirus [32] or rotavirus [33, 34], as well as among 

norovirus infections across the age spectrum [35–38]. Finally, because a suitable assay was 

not available at OSPHL at the time of the study, enteric adenoviruses were not included 

in the study virus panel. This may have caused an underestimation of the role of viral 

pathogens in MAAGE, since adenoviruses can be non-negligible causes of AGE, particularly 

in pediatric populations [39–41].

Our study, using active, population-based surveillance of a well-defined cohort over a two-

year period, demonstrated the substantial role played by viral enteropathogens, particularly 

norovirus, in MAAGE—a role most prominent among children <5 years old and among 

persons experiencing vomiting. Consistent with other analyses, this study also showed a 
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higher rate of AGE-related hospitalizations among elderly persons. The present findings 

highlight the importance of appropriate use of diagnostic testing and judicious use of 

antibiotics in MAAGE (particularly among young children). These findings further suggest 

that an effective norovirus vaccine, particularly one effective against GII.4 viruses, could 

alleviate healthcare burden and morbidity across the age and severity spectrum. Future active 

surveillance in a larger, nationally representative population could provide generalizable 

estimates with more precision, which may be especially informative as norovirus vaccines 

proceed in clinical development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Incidence of medically attended acute gastroenteritis by age group and healthcare setting, 

Kaiser Permanente Northwest, July 2014–June 2016. Remote healthcare setting is defined as 

a phone, email, or video encounter.
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Figure 2: 
Prevalence of viruses among 2,633 patients with medically attended acute gastroenteritis 

by month of encounter, Kaiser Permanente Northwest, July 2014–June 2016. *Rotavirus 

positivity defined by both RT-PCR and EIA positivity.

Burke et al. Page 13

Clin Infect Dis. Author manuscript; available in PMC 2022 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: 
Incidence of medically attended acute gastroenteritis by virus and healthcare setting, Kaiser 

Permanente Northwest, July 2014–June 2016. *Rotavirus positivity defined by both RT-PCR 

and EIA positivity.
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Figure 4: 
Incidence of medically attended acute gastroenteritis by virus and age group, Kaiser 

Permanente Northwest, July 2014–June 2016. *Rotavirus positivity defined by both RT-PCR 

and EIA positivity.
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Table 1:

Viral prevalence by clinical presentation and age group, Kaiser Permanente Northwest, July 2014–June 2016

Diarrhea & Vomiting Diarrhea Only Vomiting Only

Under 5 years of age

N 437 262 36

Pathogen Results

 Norovirus 125 (28.6) 24 (9.2) 13 (36.1)

 Rotavirus* 13 (3.0) 0 (0.0) 0 (0.0)

 Sapovirus 52 (11.9) 15 (5.7) 4 (11.1)

 Astrovirus 30 (6.9) 11 (4.2) 0 (0.0)

 Mixed viral 9 (2.1) 4 (1.5) 0 (0.0)

 No virus detected in study testing 208 (47.6) 208 (79.4) 19 (52.8)

5 to 74 years

N 627 760 41

Pathogen Results

 Norovirus 129 (20.6) 28 (3.7) 13 (31.7)

 Rotavirus* 19 (3.0) 1 (0.1) 0 (0.0)

 Sapovirus 41 (6.5) 25 (3.3) 5 (12.2)

 Astrovirus 15 (2.4) 26 (3.4) 0 (0.0)

 Mixed viral 5 (0.8) 3 (0.4) 0 (0.0)

 No virus detected in study testing 418 (66.7) 677 (89.1) 23 (56.1)

75 years and up

N 130 327 9

Pathogen Results

 Norovirus 21 (16.2) 10 (3.1) 4 (44.4)

 Rotavirus* 2 (1.5) 0 (0.0) 0 (0.0)

 Sapovirus 9 (6.9) 13 (4.0) 0 (0.0)

 Astrovirus 2 (1.5) 4 (1.2) 0 (0.0)

 Mixed viral 0 (0.0) 0 (0.0) 0 (0.0)

 No virus detected in study testing 96 (73.8) 300 (91.7) 5 (55.6)

*
RT-PCR and EIA positive.
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