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ABSTRACT
Following the introduction of universal immunization against rotavirus, concerns were raised regarding
pathogen-replacement of rotavirus by norovirus. The study aim was to examine the incidence and
characteristics and norovirus gastroenteritis before and after the introduction of universal rotavirus
immunization in Israel. We studied 1179 stool samples collected between November 2007 and
December 2014 for a prospective hospital-based surveillance study of children aged 0–59 months
hospitalized for gastroenteritis. A real-time RT-PCR assay was used to identify genogroup II (GII)
norovirus in extracted fecal RNA samples. Overall, the weighted percentage of norovirus positive
patients was 10.9%. Norovirus positivity was similar in the pre-universal rotavirus immunisation years
(2008–2010) and the universal years (2011–2014), the respective average annual incidence of norovirus
gastroenteritis was 1.6 (95% CI 0.6–2.3) per 1000 and 1.1 (95% CI 0.8–1.4) per 1000 children. Rotavirus
was detected in 36.8% and 19.6% of the patients in the pre-vaccine years and the universal vaccine
years, with an estimated incidence of 5.5 (95% CI 3.4–7.6) per 1000 and 2.1 (95% CI 1.6–2.7) per 1000
children, respectively. Most patients (59.1%) with norovirus gastroenteritis were infants aged 0–11
months. Norovirus was detected all year round with a significant 3-month peak from September through
November. In conclusion, norovirus continues to be a leading cause of acute gastroenteritis associated
with hospitalizations in young children. Future norovirus vaccines should target young infants. There
was no evidence of pathogen-replacement by norovirus following the introduction of universal rotavirus
immunization in Israel.
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Introduction

Noroviruses belong to the Caliciviridae family. There are six
established norovirus genogroups designated as genogroup
I (GI) to GVI, and a seventh genogroup (GVII) has been
proposed; these are subdivided into genotypes.1 Noroviruses
from GI (nine genotypes), GII (22 genotypes), and GIV (one
genotype) are known to be able to infect humans,2,3 while
other norovirus genogroups infect animals.1,2

Norovirus is the main cause of gastroenteritis outbreaks4,5

and sporadic morbidity in children6,7 and adults,8,9 in both
community settings9 and health-care facilities5 (reviewed
in2,3). Noroviruses of GII genogroup cause 96% of norovirus
gastroenteritis cases in children globally, especially GII.4 gen-
otype which caused 60% of the illnesses10 and of all norovirus
outbreaks globally since 2001.11,12 Infection with norovirus
can be asymptomatic13, but some people develop gastroenter-
itis after a short incubation period.14 Norovirus gastroenteritis
is mostly a mild illness of short duration, characterized by

vomiting, diarrhea, nausea, and abdominal pain.4,5,15 Severe
norovirus gastroenteritis may occur, especially in hospitalized
patients and in the elderly.5,16 Characteristics of the virus,
namely the small inoculum (~100 viral particles) needed to
induce illness, prolonged viral shedding and the capacity to
survive in the environment, enhance the transmissibility of
norovirus3 through various modes including foodborne, per-
son-to-person transmission and contact with contaminated
objects.15

Recent estimates of the Global Burden Disease Study showed
that norovirus causes 139 million diarrhea episodes and 19,496
deaths globally in all age groups. About 10,629 (55%) norovirus
attributable deaths occur in children younger than 5 y of age and
3693 (19%) among persons aged 70 y or older.17 Most norovirus
diarrheal episodes and deaths occur in developing countries.18

The annual global economic burden associated with norovirus
gastroenteritis was estimated at $4.2 billion in direct cost to the
health system and $60.3 billion in societal costs.19 In the United
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States, norovirus gastroenteritis was estimated to cause annually
14,000, 281,000, and 627,000 hospitalizations, emergency depart-
ment visits and outpatient visits, respectively, in children less than
5 y of age.6 About 570–800 norovirus-associated deaths occur in
the United States annually, in all age group of which 90% occur
among persons aged 65 y or older20

Following the introduction of universal rotavirus immu-
nization programs, concerns were raised regarding replace-
ment of rotavirus by norovirus as the leading cause of
severe diarrhea in children. In the United States, norovirus
was the leading cause of diarrhea in children aged less than
5 y seeking medical care in the universal rotavirus immu-
nization era, detected in 21% of patients, compared to 12%
for rotavirus.6 However such differences were not noted in
other countries.21,22 Given advances in the development of
norovirus vaccines,23,24 understanding the epidemiological
characteristics of norovirus gastroenteritis becomes an
important public health need. The study aim was to exam-
ine the incidence and characteristics of norovirus gastro-
enteritis among children in Israel. Our primary hypothesis
was that the incidence of norovirus gastroenteritis might
differ before and after the introduction of universal rota-
virus immunization.

Results

Between November 2007 and December 2014, 6621 children
aged 0–59 months (mean age 17.8 months, standard deviation
[SD] 13.9) were hospitalized for gastroenteritis in one of three
study hospitals in northern Israel. Stool samples from 3722
(56.2%) were submitted to the hospital laboratory, and nor-
ovirus RNA was tested for in 1179 (17.8%) of the hospitaliza-
tions (Figure 1). The percentage of stool samples that were
available for norovirus testing (Table 1) was higher in infants
aged 0–5 months (24.5%) than older children (16.8%-21.1%),
in Arab vs. Jewish children (24.1% vs. 18.4%), and in those
from low socioeconomic status towns as opposed to children
from intermediate and high socioeconomic status towns
(22.5%, 15.5%, and 14.3%), respectively. The percentage of
available samples differed by year and month of admission
(Table 1).

The incidence of norovirus, rotavirus and all-cause
gastroenteritis before and after universal rotavirus
immunization

Overall, norovirus tested positive in 140 (11.9%) of 1179 tested
samples; the weighted percentage of norovirus positivity was
10.9%. During the study period, the mean annual incidence of
norovirus gastroenteritis hospitalizationwas estimated at 1.3 (95%
CI 1.2–1.4) per 1000 children aged 0–59months. Themean annual
incidence was estimated at 1.6 (95% CI 0.6–2.3) per 1000 children
during the pre-universal rotavirus immunization years
(2008–2010) compared to 1.1 (95% CI 0.8–1.4) per 1000 children
during the universal rotavirus immunization years (2011–2014).
Rotavirus was detected in 36.8% of the patients in the pre-vaccine
years and 19.6% in the universal vaccine years, with an estimated
incidence of 5.5 (95% CI 3.4–7.6) per 1000 children and 2.1 (95%
CI 1.6–2.7) per 1000 children, respectively. The corresponding
incidence of all-cause gastroenteritis was 15.0 per 1000 children
(95%CI 12.0–18.8) and 10.9 per 1000 children (95%CI 10.1–12.0).

An analysis using interrupted time series showed that the
predicted incidence of rotavirus gastroenteritis and all-cause
gastroenteritis declined significantly following the introduc-
tion of universal rotavirus immunization program, compared
to the predicted incidence using the pre-vaccine monthly
incidence data only (Figure 2(a and b)). The predicted and
observed incidences of rotavirus gastroenteritis and all-cause
gastroenteritis were overlapping when using the full data
series (Figure 2(a and b)). For rotavirus gastroenteritis, the
variable “study period” (before or after the introduction of
universal rotavirus immunization) was a significant (P =
0.001) predictor of rotavirus gastroenteritis incidence (coeffi-
cient −0.54 [standard error 0.15]). In contrast, for norovirus
gastroenteritis, the observed and predicted monthly inci-
dences were overlapping showing continuous activity of nor-
ovirus with peaks during September–November (Figure 2(c)),
but the variable study period was not statistically significant.

Norovirus positivity according to demographic factors

Infants aged 0–5 comprised 19.0% of patients with norovirus,
compared to 40.1%, 23.4%, 10.9%, and 6.6% in the age groups

Figure 1. Flow chart, number of children enrolled and tested for enteric pathogens.
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6–11, 12–17, 18–23, and 24–59 months, respectively. The respec-
tive percentages among patients who tested negative for norovirus
were 27.3%, 24.1%, 20.5%, 12.8%, and 15.9%. The percentage of
males among norovirus positive patients tended to be higher than
in patients who tested negative for norovirus: 61.3% vs. 52.5% (P =
0.052). Norovirus gastroenteritis patients comprised a higher per-
centage of Jewish children than those who tested negative for
norovirus (76.1% vs. 63.5%, P = 0.004). An association was
found between norovirus gastroenteritis and residential socioeco-
nomic status (P = 0.026); the percentage of children who lived in
towns of low, intermediate, and high socioeconomic status was
29.8%, 54.0%, and 16.1%, respectively, in the norovirus positive
group, while the corresponding figures were 42.4%, 46.9%, and
10.7% in the norovirus negative (Table 2). In a multivariable
analysis, children aged 6–11 months had 2.49-fold higher like-
lihood to be positive for norovirus compared to children aged 0–5
months (P = 0.001), while the likelihood increased by 1.6-fold in
males vs. females (P = 0.018) and by 1.83-fold in Jewish vs. Arab
patients (P = 0.005). The variables population group and residen-
tial socioeconomic rank were highly correlated (Phi coefficient
0.84, P < 0.001, i.e. Arab children lived in towns of lower socio-
economic rank). Therefore, a separate model was fitted, in which

the variable “residential socioeconomic rank”was included instead
of “population group”. Thismodel showed that childrenwho lived
in towns of high socioeconomic rank had twofold increased like-
lihood to be norovirus positive than childrenwho lived in towns of
low socioeconomic rank (P = 0.018), and a similar but non-
significant trend (P = 0.072) was found in children who lived in
towns of intermediate socioeconomic rank (Table 2).

Seasonality

Noroviruswas detected all year around, with a significant 3-month
peak from September to November, in which 37.5% of the cases
occurred (Ratchet circular test for short seasonal peak: test statis-
tics = 2.75, P < 0.05). In comparison, rotavirus gastroenteritis
showed a different seasonal pattern (Figure 3), peaking between
November and March, during which 84.7% of the cases occurred
(P = 0.015 by Hewitt‘s rank sum test for 5-month seasonal peak).

Detection of enteric pathogens

This analysis was limited to 1101 children who were tested for
norovirus, rotavirus, Shigella, Salmonella, and Campylobacter.

Table 1. Testing for norovirus according to background characteristics of hospitalizations for acute gastroenteritis.

Number of gastroenteritis hospitalizations Testing for norovirus, n (%)

Total 6621 1179
Age (months)
0–5 1189 291 (24.5%)
6–11 1474 311 (21.1%)
12–17 1259 241 (19.1%)
18–23 894 150 (16.8%)
24–59 1773 183 (16.8%)
Missing 32 3 (9.4%)
Sex
Males 3539 631 (17.8%)
Females 3070 547 (17.8%)
Missing 11 1 (9.1%)
Population group
Jews 4132 760 (18.4%)
Arabs 1737 419 (24.1%)
Missing 752 0 (0%)
Residential

socioeconomic rank
Low (1–4) 1939 437 (22.5%)
Intermediate (5–6) 3286 509 (15.5%)
High (7–10) 848 121 (14.3%)
Missing 436 112 (25.7%)
Year of admission
November–December 2007 312 75 (24.0%)
2008 1211 310 (25.6%)
2009 719 42 (5.8%)
2010 1259 208 (16.5%)
2011 691 80 (11.6%)
2012 835 199 (23.8%)
2013 828 173 (20.9%)
2014 766 92 (12.0%)
Month of admission
January 708 148 (20.9%)
February 451 107 (23.7%)
March 441 96 (21.8%)
April 382 76 (19.9%)
May 460 92 (20.0%)
June 511 69 (13.5%)
July 512 66 (12.9%)
August 413 60 (14.5%)
September 513 85 (16.6%)
October 471 62 (13.2%)
November 739 144 (19.5%)
December 1020 174 (17.1%)
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Overall, 628 (57.0%) tested positive for at least one pathogen.
Norovirus was the only pathogen detected in 117 (10.6%)
patients and in 7 (0.6%), 4 (0.4%) and 3 (0.3%) patients it

was detected together with rotavirus, Salmonella, and
Campylobacter, respectively. Norovirus was the only detected
pathogen in 61/585 (10.4%) of the patients before universal

Figure 2. Observed and predicted monthly incidence (per 1000 children) of rotavirus gastroenteritis (A), all-cause gastroenteritis (B) and norovirus gastroenteritis (C),
November 20,017-December 2014.
Universal rotavirus immunization was introduced on December 2010.
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rotavirus vaccination period compared to 56/516 (10.9%) in
the universal vaccination years (chi-square = 0.05, P = 0.8).
Rotavirus was the only detected pathogen in 338/1101 (30.7%)
patients; more often 235/585 (40.2%) before the universal
vaccination years vs. 203/516 (20.0%) during the universal
vaccination years (chi-square = 52.6, P < 0.001). Shigella,
Salmonella, and Campylobacter were detected as the only
pathogen in 30 (2.7%), 20 (1.8%), and 78 (7.1%) children,
respectively (Table 3).

Clinical symptoms

Fever was less common in patients who had norovirus than
patients who had rotavirus or other enteric pathogens: 58.1%,
80.5%, and 80.8%, respectively (P < 0.001). The percentage of
patients with norovirus who had five or more watery stools/24

h was lower (65.8%) compared to children with rotavirus
(75.9%) or other pathogens (74.9%), but the difference was
not significant (P = 0.09). The percentage of children with
vomiting was similar among children with norovirus and
rotavirus (85.6% and 93.6%) compared to 70.2% in children
with other enteric pathogens. The respective percentages of
children who vomited four times or more in 24 h was 58.7%,
58.8%, and 31.1%.

Discussion

In this 7-y prospective study, the incidence and characteristics of
norovirus gastroenteritis were examined before and after the
introduction of universal rotavirus immunization in young chil-
dren in Israel. The average annual incidence estimate of norovirus
gastroenteritis of 1.3 per 1000 children in our study, is comparable

Table 2. Associations between sociodemographic factors and norovirus positivity among hospitalized patients with gastroenteritis a.

Norovirus positive, n (%) Norovirus negative, n (%) Pb
Unadjusted OR

(95% CI)e Adjusted OR (95% CI)f P j

Total 138 1021
Age (months) c df = 4 <0.001 df = 4 df = 4 0.001
0–5 26 (19.0%) 278 (27.3%) Reference Reference
6–11 55 (40.1%) 246 (24.1%) 2.39 (1.45–3.93) 2.49 (1.45–4.26) 0.001
12–17 32 (23.4%) 209 (20.5%) 1.64 (0.95–2.83) 1.56 (0.85–2.84) 0.14
18–23 15 (10.9%) 124 (12.2%) 1.29 (0.66–2.52) 1.23 (0.59–2.56) 0.5
24–59 9 (6.6%) 162 (15.9%) 0.59 (0.27–1.30) 0.64 (0.28–1.44) 0.2
Missing 1 (0.7%) 2 (0.2%)
Sex 0.052
Males 84 (61.3%) 536 (52.5%) 1.43 (1.00–2.07) 1.61 (1.08–2.40) 0.018
Females 53 (38.7%) 485 (47.5%) Reference Reference
Missing 1 (0.7%) 0 (%)
Population group 0.004
Jews 105 (76.1%) 648 (63.5%) 1.83 (1.21–2.76) 1.83 (1.20–2.79) 0.005
Arabs 33 (23.9%) 373 (36.5%) Reference Reference
Residential socioeconomic rank d df = 2 0.026 df = 2 df = 2 0.044
Low (1–4) 37 (29.8%) 389 (42.4%) Reference Reference
Intermediate (5–6) 65 (54.0%) 435 (47.0%) 1.57 (1.03–2.41) 1.49 (0.96–2.31) 0.072
High (7–10) 20 (16.1%) 101 (10.9%) 2.08 (1.16–3.74) 2.08 (1.14–3.81) 0.018
Missing 16 (11.5%) 96 (9.4%)

aThis analysis is based on 1159 children (138 positive for norovirus and 1021 negative for norovirus). Each child was included only once in this analysis. For children
with recurrent hospitalizations, we analyzed data of the first hospitalization in which the child was tested for norovirus.

bP obtained by chi-square test. cdf = degrees of freedom, P for trend = 0.12, dP for trend = 0.007.
eOdds ratio (OR) and 95% confidence intervals (CI).
fAdjusted for the variables in the table. The variables population group and socioeconomic rank were highly correlated (Phi coefficient 0.84, P < 0.001), therefore they
were included in separate models. jP obtained from multivariable logistic regression models.

Figure 3. –Prevalence (percent positive) of norovirus and rotavirus among hospitalized children with gastroenteritis by months, 2007–2014.
Overall, 3722 samples were tested for rotavirus and 1179 for norovirus. Percent positive was calculated by division of the number of positive samples the total
number of samples tested in the month multiplied by 100.
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with other reports from Israel25, but it is somewhat lower than that
found in theUnited States.6 In our study, noroviruswas the second
leading cause of gastroenteritis hospitalizations in children aged
less than 5 y, found in 10.6% of the patients. This percentage was
similar before and after the introduction of universal rotavirus
immunization in Israel. A substantial 62% reduction was evident
in the incidence of rotavirus gastroenteritis hospitalizations during
the universal immunization years26-28 compared to the pre-
universal immunization years, but rotavirus remained the leading
cause of gastroenteritis hospitalizations, being detected in 40.2%
and 20.0% before and after the introduction of universal immuni-
zation. The coverage of three doses of rotavirus vaccine in Israel is
estimated at ~80%,29 which together with good vaccine
effectiveness30 explain the reduction in hospitalizations for rota-
virus gastroenteritis. Herd immunity possibly explains the 36%
reduction in the incidence of rotavirus gastroenteritis hospitaliza-
tions in children aged 24–59 who were not eligible for a rotavirus
vaccine in the framework of the universal vaccination
program.27,28,31

A 1-y study after the introduction of universal rotavirus
immunization in Finland showed that norovirus was detected
in 25% of children aged less than 15 y with acute gastroenteritis
(both inpatient and outpatient settings), while rotavirus was
found in 24%.22 In agreement with our findings, a reduction in
rotavirus gastroenteritis was observed after introducing univer-
sal rotavirus immunization compared to the preceding period in
Finland, however, as in our study, the percentage of norovirus
gastroenteritis was similar between the two periods.22,32 Another
study from Finland with longer follow-up periods following the
introduction of rotavirus immunization, showed a slight
decrease in the number of norovirus gastroenteritis cases, but
the proportion of norovirus positive patients increased from
26% in the pre-vaccine years 2006–2008 to 34% universal vac-
cine years (2009–2011), compared to 52% and 26% for rotavirus,
respectively.33 In Colombia, rotavirus remained the leading

cause of gastroenteritis found in 33.7% of children less than 5
y of age hospitalized for acute gastroenteritis, with norovirus
being found in 22.6% of the patients.21 A study from the United
States6 during the universal rotavirus immunization years
showed that norovirus was detected in 21% of children seeking
medical care for gastroenteritis, compared to only 12% for
rotavirus. Our findings together with others’21,22,32–34 suggest
that norovirus is a leading cause of gastroenteritis associated
with seeking medical care and hospitalizations in young chil-
dren, regardless of the introduction of the universal rotavirus
immunization program. Despite the challenges facing the devel-
opment of a norovirus vaccine,23 prevention of norovirus gas-
troenteritis through vaccination is especially attractive in view of
the success of rotavirus immunization in preventing rotavirus
gastroenteritis and child mortality due to diarrheal diseases
globally.35 Currently, several norovirus vaccines are in
development,23,24,36,37 including a bivalent GI.1/GII.4 vaccines
based on virus-like particles (VLPs) given intramuscularly and
an oral vaccine based on non-replicating adenovirus vector
expressing VP1 gene from GI.1 norovirus,37 which have already
been tested in clinical trials. Most (83%) norovirus positive
patients in our study were children aged less than 18 months,
about 40% were infants aged 6–11 months, in agreement with
previous reports.22,38 Therefore a future norovirus vaccine
should likely target infants less than six months of age, before
the peak incidence at ages 6–18months. The elderly and patients
in nursing homes should also be targeted in future norovirus
vaccination programs, based on evidence of severe norovirus
disease, of longer duration5 and even of death in this group.39

The strengths of our study include the prospective study design
with 7-y data on a well-defined population. Our study has also
limitations. Only 1179 (18%) stool samples were available for
norovirus testing among all gastroenteritis hospitalizations that
occurred during the study period in three hospitals in northern
Israel. Children tested for norovirus differed in demographic
factors and year/season of admission compared to those who
were not tested for norovirus. To account for these differences
we performed a weighted analysis, to estimate the number of
norovirus hospitalizations in the study catchment area. Second,
we examined only GII noroviruses and excluded nosocomial
infections from the analysis; thus, the incidence of norovirus
gastroenteritis in our might have been underestimated. However,
it was shown that noroviruses of GII genogroup cause 96% of
norovirus gastroenteritis cases in children globally.10 Overall all-
cause gastroenteritis decreased after the introduction of universal
rotavirus immunization; thus, our findings do not support the
possibility of “emergence” of other untested pathogens such as GI
noroviruses. Since the original study was planned to assess the
burden of rotavirus gastroenteritis,40 our case definitionwas based
on having three or more watery stools in a 24/hour period.
Therefore, it is possible that we missed some norovirus patients
who presented with vomiting only.

In summary, norovirus continues to be a leading cause of
acute gastroenteritis hospitalizations in young children in the
universal rotavirus immunization period in Israel. Future
norovirus vaccines should target infants less than six months

Table 3. Detection of enteric pathogens in children aged 0–59 months hospi-
talized for gastroenteritis between November 2007 and December 2014.

Pathogen n %

Total number of patients tested to all pathogens a 1101 100.0
Positive for any pathogen 628 57.0
Negative for all tested pathogens 473 43.0
Total number of norovirus positive patients 131 11.9
Distribution of patients with identified pathogens
Patients with viruses

Norovirus 117 10.6
Rotavirus 338 30.7
Norovirus and rotavirus 7 0.6

Patients with bacterial pathogen
Shigella 30 2.7
Salmonella 20 1.8
Campylobacter 78 7.1
Shigella and Campylobacter 1 0.1

Patients with mixed viral and bacterial pathogens
Norovirus and Salmonella 4 0.4
Norovirus and Campylobacter 3 0.3
Rotavirus and Shigella 1 0.1
Rotavirus and Salmonella 6 0.5
Rotavirus and Campylobacter 23 2.1

aOnly 1101/1179 (94.4%) children who were tested for norovirus were also
tested for the presence of rotavirus, Shigella, Salmonella, and Campylobacter.

HUMAN VACCINES & IMMUNOTHERAPEUTICS 1289



of age before the peak disease incidence at ages 6–18 months.
There was no evidence for an increase in the incidence of
hospitalizations for norovirus gastroenteritis following the
introduction of universal rotavirus immunization in Israel.

Materials and methods

Study population and design

Aprospective hospital-based surveillance studywas undertaken in
northern Israel to assess the incidence of rotavirus gastroenteritis
before and after the introduction of the universal rotavirus immu-
nization program.26,27,40,41 This platform was utilized to assess the
incidence of norovirus gastroenteritis.7 Details of the study design
have been reported.7,26,27,40,41 In brief, the study target population
included children 0–59 months of age residing in the catchment
area of three hospitals: Carmel in Haifa, Hillel Yaffe in Hadera,
and Laniado in Netanya.40,41 The current analysis was limited to
hospitalizations that occurred from November 2007 until
December 2014, the period during which we tested for norovirus.

The sampling frame included children aged 0–59 months who
were hospitalized in the three hospitals with diarrhea (three or
more watery stools during a 24-h period). Information was col-
lected about each child on age (in months, categorized as 0–5,
6–11, 12–17, 18–23, and 24–59) sex, population group (Arabs or
Jews) and clinical symptoms (number of stools per day, vomiting,
bloody stools) through parental interviews and from medical
records, and body temperature was measured. Fever was defined
as a measurement of ≥38°C. Socioeconomic status of place of
residence defined by the Central Bureau of Statistics was used
a proxy for socioeconomic status.42 Towns with ranks of 1–4, 5–6,
and 7–10 were considered as low, intermediate and high socio-
economic status, respectively.

Laboratory methods

A stool sample was collected from children hospitalized for
diarrhea within the first 48 h of hospital admission. Stool
samples were refrigerated and transported to the hospital
laboratories within a few hours after collection where they
were tested for the presence of rotavirus antigen by immuno-
chromatography (Rotavirus Dipsticks, Hylabs Rehovot &
Novamed, Jerusalem, Israel). The sensitivity of specificity of
immunochromatographic tests compared to RT-PCR30 was
estimated at 99% and 96%, respectively. There was a high
agreement between the immunochromatographic kits used
in our study compared with DAKO ELISA kit (Dakopatts
A/S. Denmark) 95% for Novamed kit and 93% for Hylabs
kits.41 Stool culture was performed following standard micro-
biologic methods to isolate Salmonella, Shigella, and
Campylobacter species. A portion of each sample was stored
at −80°C until norovirus testing was performed.

Norovirus GII testing

We focused on GII noroviruses, since they were shown to cause
the majority of norovirus illnesses.10 Real-time RT-PCR was
employed for the detection of norovirus genotype GII RNA on
extracted fecal RNA by TaqMan technology using the Cog 2F

(caR gaR BcN atg tty agR tgg atg ag) and Cog 2R (tcg acg cca tct
tca ttc aca) primers and Ring 2 probe (FAM-tgg gag ggc gat cgc aat
ct-BHQ) developed at the Centers for Disease Control and
Prevention (CDC), Atlanta, Georgia, USA by Trujillo et al.43

The primers and probe were synthesized by Hylabs, Rehovot,
Israel. The assay was validated using serial dilutions of norovirus
GII RNA (positive control) extracted from a stool sample contain-
ing GII norovirus kindly supplied by the CDC, Atlanta, Georgia,
USA, and RNA extracted from a pool of two norovirus GII-
positive stool suspensions. Cycle threshold (Ct) for the norovirus
GII qRT-PCR assay of RNA extracted from the pooled stool
suspensions were linear over a 105-fold serial dilution. A 334 nt
segment of the norovirus capsid protein, sequenced using GII
norovirus-specific primers G2SK (CTGCCCGAATTYGTAA
ATGA) and G2SKR (CCAACCCARCCATTRTACA) primers
as described by Kojima et al.44 confirmed qRT-PCR results with
Ct values ≤29 for RNAs from a group of 17 norovirus GII qRT-
PCR-positive stool suspensions from pediatric patients and 25
stool suspensions from adult patients. The specificity of the qRT-
PCRwas validated using norovirus GI RNA extracted from a stool
sample containing GI norovirus also kindly supplied by US CDC,
and nucleic acids extracted from 15 different RNA viruses and 9
different DNA viruses. All were negative, e.g. there was no cross-
reactivity. qRT-PCR forMS2was performed after adding a known
amount of MS2 RNA to the RNA extracted from stool suspen-
sions to ensure that no inhibitors of PCR were coextracted with
the RNA.45 Quality control for the assay wasmonitored according
to Westgard Rules (https://www.westgard.com/mltirule.htm)
comparing the Ct values of aliquots of positive control RNA
(stored frozen at −70°C) that were included in each test.

The Ct value from the real-time RT-PCR, which represents the
number of PCR reactions until the appearance of the amplifica-
tion signal, was used as a proxy measure of fecal viral load. The
lower the Ct values, the greater the viral RNA content in fecal
material. In a pilot study, the real-time PCR assays were run for
60 cycles using RNA extracted from stool samples of 27 healthy
children, without signals of amplification.7 The real-time RT-
PCR was run for 50 cycles and if no amplification was seen at
this level, it was considered negative. The distribution of Ct values
of children having “potentially positive” norovirus test (i.e. Ct
value <50) who also tested negative for other pathogens was used
to determine the cutoff of Ct value for norovirus positive test
(Supplementary figure 1). Samples with Ct values lower than the
75th percentile of this distribution, i.e., Ct values <32 were con-
sidered positive for norovirus. Other norovirus studies using real-
time PCR have used Ct values ranging from 21.4 to 35.3 to define
norovirus-associated diarrheal episode.9,46–49

Statistical analysis

The percentage of available samples for norovirus testing was
examined according to age group, population group, year and
month of admission. To estimate the total number of children
with norovirus gastroenteritis, a weighted analysis was applied, in
which the weights were determined as the inverse of norovirus
testing proportion (equivalent to sampling fraction), as described
elsewhere.27 We calculated the annual incidence (per 1000 chil-
dren) of norovirus gastroenteritis hospitalization using the esti-
mated number of norovirus gastroenteritis hospitalizations in the
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numerator and the number of children aged 0–59months living in
the study catchment area as the denominator. Data on the popula-
tion size was estimated using the Central Bureau of Statistics
reports on population size by sub-district.50 The pediatric popula-
tion receiving hospitalization services in these hospitals was esti-
mated at 80%-90% of the Hadera sub-district, 25% of the Haifa
sub-district and 60%-70% of the HaSharon sub-district, respec-
tively. The yearly average number of children 0–59 months of age
served by these hospitals during the study period was estimated at
~66,000. The 95% confidence intervals (CIs) of the incidence
proportions were estimated as the 2.5th and 97.5th percentiles
from MonteCarlo simulations with 1000 runs. Similar analyses
were performed for rotavirus gastroenteritis and all-cause gastro-
enteritis. Additionally, we performed interrupted time series ana-
lyses for the incidence of each of these outcomes (incidence of all-
cause, rotavirus and norovirus gastroenteritis).51 Initially, using
Autoregressive integrated moving average (ARIMA) models and
monthly data obtained between November 2007 and
December 2010, we predicted the monthly incidence of each of
these outcomes for the universal vaccination period as if there was
no universal immunization program. Additionally, we predicted
the monthly incidence of each of these outcomes using ARIMA
models and full data series. We further performed multivariable
ARIMA, in which the variable “period” (before or after the intro-
duction of universal rotavirus immunization) was included as
a predictor of the incidence of each outcome. The observed inci-
dence was plotted against the predicted incidence throughout the
study period.

The presence of seasonal pattern of norovirus positivity
was tested using Ratchet circular test for short seasonal peak
and Hewitt‘s rank-sum test for longer peaks. Differences
between norovirus positive and negative in demographic fac-
tors and clinical symptoms were examined using chi-square
test. In the analyses of demographic associations with noro-
virus positivity, bivariate and multivariable logistic regression
models were fitted. In these analyses, any subsequent hospi-
talizations of a patient for recurrent gastroenteritis during the
study period were excluded to avoid dependence between
observations. A two-sided P < 0.05 was considered statistically
significant. Data were analyzed using SPSS version 25 (IBM,
New York, United States) and Winpepi software.52
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