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Duration of Immunity
to Norovirus Gastroenteritis
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The duration of immunity to norovirus (NoV) gastroen-
teritis has been believed to be from 6 months to 2 years.
However, several observations are inconsistent with this
short period. To gain better estimates of the duration of im-
munity to NoV, we developed a mathematical model of com-
munity NoV transmission. The model was parameterized
from the literature and also fit to age-specific incidence data
from England and Wales by using maximum likelihood. We
developed several scenarios to determine the effect of un-
knowns regarding transmission and immunity on estimates
of the duration of immunity. In the various models, dura-
tion of immunity to NoV gastroenteritis was estimated at
4.1 (95% Cl1 3.2-5.1) t0 8.7 (95% CI 6.8—11.3) years. More-
over, we calculated that children (<5 years) are much more
infectious than older children and adults. If a vaccine can
achieve protection for duration of natural immunity indicated
by our results, its potential health and economic benefits
could be substantial.

Noroviruses (NoVs) are the most common cause of
acute gastroenteritis (AGE) in industrialized coun-
tries. In the United States, NoV causes an estimated 21
million cases of AGE (7), 1.7 million outpatient visits (2),
400,000 emergency care visits, 70,000 hospitalizations (3),
and 800 deaths annually across all age groups (4). Although
the highest rates of disease are in young children, infection
and disease occur throughout life (5), despite an antibody
seroprevalence >50%, and infection rates approach 100%
in older adults (6,7).

Frequently cited estimates of the duration of immunity
to NoV are based on human challenge studies conducted
in the 1970s. In the first, Parrino et al. challenged volun-
teers with Norwalk virus (the prototype NoV strain) inocu-
lum multiple times. Results suggested that the immunity to
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Norwalk AGE lasts from ~2 months to 2 years (8). A subse-
quent study with a shorter challenge interval suggested that
immunity to Norwalk virus lasts for at least 6 months (9). In
addition, the collection of volunteer studies together dem-
onstrate that antibodies against NoV may not confer protec-
tion and that protection from infection (serologic response
or viral shedding) is harder to achieve than protection from
disease (defined as AGE symptoms) (/0-/4). That said,
most recent studies have reported some protection from ill-
ness and infection in association with antibodies that block
binding of virus-like particles to histo-blood group antigen
(HBGA) (13,14). Other studies have also associated genetic
resistance to NoV infections with mutations in the 1,2-fu-
cosyltransferase (FUT2) gene (or “secretor” gene) (15). Per-
sons with a nonsecretor gene (FUT2—/-) represent as much
as 20% of the European population. Challenge studies have
also shown that recently infected volunteers are susceptible
to heterologous strains sooner than to homotypic challenge,
indicating limited cross-protection (/7).

One of many concerns with all classic challenge studies
is that the virus dose given to volunteers was several thou-
sand—fold greater than the small amount of virus capable
of causing human illness (estimated as 18—1,000 virus par-
ticles) (/6). Thus, immunity to a lower challenge dose, simi-
lar to what might be encountered in the community, might
be more robust and broadly protective than the protection
against artificial doses encountered in these volunteer stud-
ies. Indeed, Teunis et al. have clearly demonstrated a dose-
response relationship whereby persons challenged with a
higher NoV dose have substantially greater illness risk (/6).

Furthermore, in contrast with results of early chal-
lenge studies, several observations can be made that,
when taken together, are inconsistent with a duration of
immunity on the scale of months. First, the incidence
of NoV in the general population has been estimated
in several countries as #5% per year, with substantially
higher rates in children (5). Second, Norwalk virus (GI.1)
volunteer studies conducted over 3 decades, indicate
that approximately one third of genetically susceptible

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 19, No. 8, August 2013



persons (i.e., secretor-positive persons with a functional
FUT?2 gene) are immune (Table 1) (/8,20,22). The point
prevalence of immunity in the population (i.e., population
immunity) can be approximated by the incidence of infec-
tion (or exposure) multiplied by the duration of immunity.
If duration of immunity is truly <1 year and incidence is
5%, <5% of the population should have acquired immu-
nity at any given time. However, challenge studies show
population immunity levels on the order of 30%—45%,
suggesting that our understanding of the duration of im-
munity is incomplete (8,77,17,18). HBGA—-mediated lack
of susceptibility may play a key role, but given the high
seroprevalence of NoV antibodies and broad diversity of
human HBGAs and NoV, HBGA—mediated lack of sus-
ceptibility cannot solely explain the discrepancy between
estimates of duration of immunity and observed NoV in-
cidence. Moreover, population immunity levels may be
driven through the acquisition of immunity of fully sus-
ceptible persons or through boosting of immunity among
those previously exposed.

In this study, we aimed to gain better estimates of the
duration of immunity to NoV by developing a community-
based transmission model that represents the transmission
process and natural history of NoV, including the waning
of immunity. The model distinguishes between persons
susceptible to disease and those susceptible to infection but
not disease. We fit the model to age-specific incidence data
from a community cohort study. However, several factors
related to NoV transmission remain unknown (e.g., the role
asymptomatic persons who shed virus play in transmis-
sion). Therefore, we constructed and fit a series of 6 mod-
els to represent the variety of possible infection processes
to gain a more robust estimate of the duration of immunity.
This approach does not consider multiple strains or the
emergence of new variants, so we are effectively estimat-
ing minimum duration of immunity in the absence of major
strain changes.

Immunity to Norovirus Gastroenteritis

Methods

Model Design

We developed a deterministic dynamic transmis-
sion model with age structure that tracks the population
with respect to NoV infection and immunity status (Fig-
ure 1; online Technical Appendix, wwwnc.cdc.gov/EID/
article/19/8/13-0472-Techappl.pdf for model equations).
Here we describe the basic structure of the model (model
A), which forms the basis for 5 other iterations (models
B-F, described below). The models track 5 classes of per-
sons: 1) susceptible to infection and disease (S), 2) exposed
but not yet symptomatic (E), 3) infected with symptoms
(I), 4) infected but asymptomatic (A), and 5) immune to
disease, but not infection (R). In model D, we included an
additional class for genetically resistant persons (G).

We assume that maternal immunity is negligible because
the youngest age class includes children ages 04 years; as
such, newborns in all models except model D enter directly
into S class. In model D, genetically resistant persons by-
pass the S class and remain resistant for life, although they
make contacts and are included in calculations of incidence
for model-fitting purposes, because all persons (not just those
susceptible) were included in the empirical studies to which
the model was fit. All persons in the S class can be infected
at rate A(t) (the force of infection) and move into the E class.
They then progress from the E class into the I class (symptom-
atic) at a rate inversely proportional to the incubation period
(1/n,) We are thus assuming that when a susceptible (S) per-
son becomes infected, disease will later develop and that all
first infections are symptomatic. Persons then recover at a rate
inversely proportional to duration of illness (1/p,), at which
point they are shedding asymptomatically (A). Infection then
ends at a rate inversely proportional to duration of shedding
(1/p), after which the person is assumed to have cleared the
infection and is recovered from symptoms and that the per-
son’s immune system protects from further disease (R).

Table 1. Summary of literature review of Norwalk virus volunteer challenge studies*

All Secretor positive Secretor negative
No. No. (%) No. (%) No. No. (%) No. (%) No. No. (%)

Study challenged infected AGE challenged infected AGE challenged infected Strain
Dolin 1971 (10) 12 9 (75) SM
Wyatt 1974 (11)t 23 16 (70) NV, MC, HI
Parrino 1977 (8)t 12 6 (50) NV
Johnson 1990 (17)t 42 31(74) 25 (60) NV
Graham 1994 (12) 50 41 (82) 34 (68) NV
Lindesmith 2003 (78) 77 34 (44) 21 (27) 55 35(64) 21(38) 21 0 NV
Lindesmith 2005 (79) 15 9 (60) 7 (47) 12 8 (67) 3 1(33) SM
Atmar 2008 (20) 21 16 (76) 11 (52) 21 16 (76) 11 (52) NV
Leon 2011 (27)f 15 7 (47) 5(33) 15 7 (47) 5(33) NV
Atmar 2011 (14)f 41 34 (83) 29(71) 41 34 (83) 29 (71) NV
Seitz 2011 (22) 13 10 (77) 10(77) 13 10 (77) 10 (77) 1(5.6) NV
Frenck 2012 (23) 40 17 (42)  12(30) 23 16 (70) 12 (52.1) 17 Gll.4

*AGE, acute gastroenteritis; SM, Snow Mountain virus; NV, Norwalk virus; MC, Montgomery County virus; HI, Hawaii virus;

1Only includes initial challenge, not subsequent re-challenge.
Only includes placebo or control group.
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Gll.4, genogroup 2 type 4.
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Figure 1. Model schematic illustrating the immunity and infection states of the population with respect to norovirus (NoV) infection and
the flows between those states. Persons are born directly into the susceptible pool, become exposed at the force of infection, and then
progress through symptomatic and asymptomatic stages before arriving in the recovered compartment, which represents immunity to
disease, but not necessarily to infection. As such, from the recovered compartment, persons can become asymptomatically infected at
the force of infection or can become susceptible to disease once again through the waning of immunity. For the sake of simplicity, deaths
from all categories equal to the incoming births are not shown but are included in the model code. In 1 iteration of the model (scenario E),
a compartment is included that represents a class of persons who are born with genetic resistance (in gray to represent absence in all

other model iterations) to NoV infection.

Consistent with the understanding of NoV host re-
sponse, in our model, NoV-specific immunity is not life-
long and we allow 2 pathways out of R class. First, per-
sons can become asymptomatically infected by cycling
back into the A class at the same force of infection to
which S persons are subjected [A(t)]. As such, R class rep-
resents a type of immunity in which persons are subject
to infection but not disease—they can become asymptom-
atically infected and shed virus in stool specimens, but
symptoms of AGE do not develop. Persons in R class can
also lose their immunity to disease through the waning
process, whereby they become fully susceptible again at
a rate of 1/0. 0 is a fitted parameter (described below).
Births and deaths are assumed to be equal and occur at a
constant rate throughout the year. Static model inputs are
detailed in Table 2.

In this baseline model (Figure 1), we assume that only
symptomatic (I) persons contribute to transmission, so I(t)
is a function of the number of susceptible persons, the age-
specific contact rate B, the prevalence of infection I(t), and
the probability of transmission, given contact (see online
Technical Appendix). We allow for children <5 years old
to have a different, presumably higher, level of infectious-
ness (q,) than older children and adults (q,) (Table 3).

Model Scenarios

Our first model incorporated several simplifications
(e.g., that the entire population is genetically susceptible)
for which considerable uncertainty exists (e.g., that im-
munity to 1 strain of NoV protects against other strains).
Therefore, we set up several scenarios to explore the
effects on duration of immunity estimates of pre- and

Table 2. Fixed input parameters for each model scenario for duration of immunity to norovirus gastroenteritis*

Model
Parameter Symbol A B C D E F Source
Life expectancy, y NA 76 76 76 76 76 76 CDC FastStats (24)
Duration of incubation, d Us 1 1 1 1 1 1 Atmar et al., 2008 (20)
Duration of symptoms, d Ua 2 2 2 2 2 2 Atmar et al., 2008 (20)
Duration of asymptomatic infection, d p 10 10 10 10 10 10 Rockx et al., 2002 (25)
Relative infectiousness during NA 0 0.05 0.25 0 0 0 Sukhrie et al., 2010 (26)
incubation period
Relative infectiousness during NA 0 0.05 0.25 0 0 0 Sukhrie et al., 2010 (26)
asymptomatic infection period
Proportion of population genetically T 0 0 0 0.2 0 0 Lindesmith et al., 2003 (78)
resistant
Strains included All All All Al Gll.4 only All Rosenthal et al., 2011 (27)
Boosting of immunity by asymptomatic NA Yes Yes Yes Yes Yes No
infection?

*NA, not applicable; CDC, Centers for Disease Control and Prevention. Model A, only symptomatic infectiousness; model B, presyymptomatic and
postsymptomatic infectiousness (low); model C, presymptomatic and postsymptomatic infectiousness (high); model D, innate genetic resistance; model
E, genogroup 2 type 4 (Gll.4); model F, no immune boosting by asymptomatic infection.
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Table 3. Duration of immunity, fitted parameter estimates, and log-likelihood and basic reproductive number for models of duration of

immunity to norovirus gastroenteritis

Parameter Symbol Model A Model B Model C Model D Model E Model F
Duration of immunity, y 0 51(3.9-6.5) 5.1(4.0-6.7) 8.7(6.8-11.3) 4.1(3.2-5.1) 7.6(5.6-8.0) 5.1(3.9-6.6)
Probability of a1 0.25 0.18 0.37 0.35 0.23 0.25
transmission per (0.21-0.31) (0.15-0.21) (0.14-0.91) (0.27-0.44) (0.19-0.25) (0.21-0.31)
infected contact, 0—4 y

Probability of gz 0.050 0.036 0.094 0.062 0.051 0.050
transmission per (0.042-0.055) (0.032-0.039) (0.078-0.114) (0.057-0.066) (0.47-0.056) (0.046-0.054)
infected contact, >5 y

Negative log likelihood 615.497 613.905 663.052 616.597 611.509 615.375
Annual incidence, %t 5.2 5.3 5.5 5.1 3.8 5.2
Basic reproductive Ro 1.79 1.64 7.16 1.88 1.73 1.79
number (all ages)

Basic reproductive Ro 4.33 3.98 15.22 4.84 3.98 4.33

number (04 y)

*Model A, only symptomatic infectiousness; model B, presyymptomatic and postsymptomatic infectiousness (low); model C, presymptomatic and
postsymptomatic infectiousness (high); model D, innate genetic resistance; model E, genogroup 2 type 4 (Gll.4); model F, no immune boosting by

asymptomatic infection.

tCompared with an observed annual incidence 4.5% from Phillips et al. (5), except for model E, which should be compared with norovirus Gll.4-specific

incidence of 3.2%.

postsymptomatic infectiousness, genetic resistance with-
in a portion of the population, and whether immunity to
NoV is strain specific (Table 2).

Model A: Symptomatic Individuals Infectious

In model A, described in the previous section, only
symptomatic individuals are infectious. This model pro-
vides the basis for the 5 following iterations.

Model B: Presymptomatic and Postsymptomatic

Infectiousness (Low)

Presymptomatic persons (E) have been observed to
transmit NoV (28), although how often this occurs is not
known. Also, exposed, but not-yet-symptomatic, persons
(E) are 5% as infectious as symptomatic persons (26). Be-
cause they incubate the virus for only 1 day (1/2 as long as
the symptomatic phase), they are 2.5% as infectious as a
symptomatic case-patient over the course of their incubation
period. Persons may shed virus after resolution of symptoms
and may also become infected and shed virus without exhib-
iting symptoms. Again, their importance in transmission has
not been quantified. Sukhrie et al. have demonstrated that
asymptomatic shedders can transmit the virus, but they do
so at lower levels than symptomatic persons (26,29). In this
scenario, asymptomatic (A) and presymptomatic (E) persons
are 5% as infectious as symptomatic persons. Because the
mean duration of shedding is 10 days, asymptomatic and
presymptomatic persons have a cumulative infectiousness of
25% compared with symptomatic persons (Table 2).

Model C: Presymptomatic and Postsymptomatic

Infectiousness (High)

This model has the same structure as model B. Howev-
er, persons in the exposed (E) and asymptomatic (A) com-
partments are 25% as infectious as symptomatic persons.
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Model D: Innate Genetic Resistance

In model D, we assume that 20% of the population is
completely resistant to infection and disease (i.e., they have
the nonsecretor phenotype), and therefore play no role in
the transmission process (Figure 1) (/8). They do, however,
continue to make contact with other persons and are included
in empirical incidence estimates, so the whole population is
included in this model, even though 20% cannot become in-
fected. This model includes a separate class of persons born
with complete genetic resistance (G).

Model E: Genogroup 2 Type 4 (Gll.4)

In Models A-D, we assume that all NoVs are antige-
netically indistinguishable, since the degree of strain speci-
ficity of NoV immunity is not well understood. Model E
tests the sensitivity of that assumption by including only
GII.4 infections, which have been the predominant circu-
lating strain for the past decade. We multiplied incidence
data by 0.72 (an estimate of the proportion of all NoV AGE
caused by GII.4 viruses) (32) to represent only GII-4 cases
and subsequently refitted the model. This model assumes
that GII.4 viruses are antigenically distinct from non-GIIL.4
NoVs and that all GII.4 viruses are antigenically indistin-
guishable (33).

Model F: No Immune Boosting by

Asymptomatic Infection

Persons do not move from the recovered (R) to asymp-
tomatic (A) compartments. The only pathway out of the R
class is through waning of immunity to become susceptible
(S) again.

Data and Model Fitting

We fit the model to age-specific incidence from the
Study of Infectious Intestinal Disease in England (5) and
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the size of the adult (defined as 15— 44 years of age) popu-
lation immune at endemic equilibrium by allowing the
transmission probabilities (q;s) and duration of immunity
(0) to vary during the fitting process. Size of the immune
population was estimated from a literature review of chal-
lenge studies (Table 1).

We calculated the log-likelihood of the data under each
model by assuming Poisson distributions with mean equal to
the number of model-predicted cases for symptomatic NoV
incidence in each age group and number of immune persons
in the adult age group (see online Technical Appendix). Both
incidence and population immune were treated as count data,
on the basis of the size of the study population in the study
in England (5) and the cumulative number of subjects in-
cluded in challenge studies. The best-fitting parameter set
maximized the log-likelihood of the age-stratified time series
for the given set of estimated and fixed parameters (34). We
calculated 95% ClIs for each parameter (in each model) and
generated a likelihood profile by holding a given parameter
constant at a series of values and refitting the model. The
upper and lower values were found by using the likelihood
ratio test to determine at which parameter value the model
converged on a significantly worse fit.

Because seasonality is a defining characteristic of
NoV infection, we added seasonal forcing variables to
visually inspect whether US outbreak patterns as de-
scribed by Yen et al. (35) could be captured. We allowed
the transmission coefficient (8,) to vary by 6% over the
course of the year. However, because including seasonal-
ity did not qualitatively change our estimate of the dura-
tion of immunity, we excluded it in favor of a more par-
simonious model.

Results

All models provided a qualitatively good fit to the
crude incidence data, ranging from 5.1% (models D and
E) to 5.5% (model C) per year, compared with the ob-
served 4.5% per year (Table 3; Figure 2; online Tech-
nical Appendix Figure). All models also captured the
decreasing incidence by age; model B was best able to
represent the overall incidence and the high incidence
in children <5 years of age (21.4% observed; 19.3% fit-
ted), and model B roughly captured the incidence in the
groups >45 years of age. Model C provided a worse fit
than models A, B, D, or F. Model E could not be readily
compared because it is fitted to a different incidence case
count. Although model B was not a significantly better
fit than A, D, or F, it did have the smallest negative log-
likelihood, so we used model B for subsequent results,
unless stated otherwise.

The R, (basic reproductive number) for all models
ranged from 1.64 to 1.88, except in model C, which had
an R of 7.16. R, for children 04 years of age was 15.22,
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substantially higher than for persons >5 years (R, = 0.89)
(model B, Table 3).

In model A, the duration of immunity to NoV was es-
timated at 5.1 years (95% CI 3.9-6.5; Table 3). The dura-
tion of immunity estimated in model B was essentially the
same as in model A at 5.1 years (95% CI 4.0-7.6). When
the infectiousness of asymptomatic persons was increased
in model C, estimate of duration of immunity increased
substantially, to 8.7 (95% CI 4.0-11.3). Duration of im-
munity estimated in model D, in which transmission was
effectively restricted to 80% of the population, was 4.1
years (95% CI 3.2-5.1). In model E, which was essen-
tially fitted to a lower incidence to reflect only GII.4 trans-
mission, duration of immunity was estimated at 7.6 years
(95% CI 5.6-8.0). Model F, which did not allow subclini-
cal infection to boost immunity, resulted in a duration of
immunity estimate of 5.1 years (95% CI 3.9-6.6). Note
that the transmission parameters (q;s) fell into 3 relative
patterns: lower (model B), middle (models A, E, and F),
and high (models C and D). These differences in trans-
missibility partly explain why the duration of immunity
estimates are not more divergent between models.

With mild seasonal forcing (6% seasonal variation in
transmission probabilities), the model captures fluctuations
in disease incidence similar to those reported from outbreaks
in 30 US states during 2007-2010 (Figure 3). Seventy-three
percent of cases were estimated to occur during October—
March, compared with 73% observed in the United States
during October—March from 2007 to 2010.

Discussion
The goal of this study was to gain a better estimate
of the duration of immunity to NoV AGE, and our results
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Figure 2. Age-specific annual incidence of norovirus gastroenteritis,
observed (black) and model predicted (gray). These results are for
model B (which includes presymptomatic and postsymptomatic
infectiousness).
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suggest that it is longer than was previously understood.
We modeled a range of possible infection and immunity
processes to capture the unknown aspects of the transmis-
sion process, and from these models, we estimate a mean
duration of immunity ranging from =4 to 8 years. Varia-
tions in duration of immunity between models can be traced
to inclusion of presymptomatic and postsymptomatic states
in the model scenarios. The best-fit models converge on a
much higher infectiousness and R for young children (<5
years) than for older children and adults. This finding is
consistent with observational studies that found contact
with a symptomatic child to be the prime risk factor for
NoV infection for children and adults (5,30) and suggests
that young children have a key role in the transmission of
NoV to all age groups. Children have relatively high rates
of contact with both other children and adults, and because
of their lower levels of hygiene, they are likely to be more
infectious than adults, given contact (37).

In our study, the models produced strong quantita-
tive fits to the empirical data on incidence and population
immunity, as well as on seasonality. Results suggest that
parameter estimates are not overly sensitive to structural
uncertainties, such as the role of asymptomatic shedding in
disease transmission, at least within the range of the fixed
parameters we have considered. The possible exeption is
model C, which resulted in a much higher R  than the other
models and previous estimates, suggesting that asymptom-
atic persons are unlikely to be as infectious as they were pa-
rameterized to be in this scenario. Because the exact struc-
ture of immunity in the general population is unknown, our
study sought to elucidate that structure rather than identify
exact values for the various parameters included in each
model scenario.

Several caveats should be borne in mind when inter-
preting these results. First, perhaps most critical, our model
assumes that immunity is to disease (e.g., symptoms) rather
than to infection. As such, so-called immune persons are

Immunity to Norovirus Gastroenteritis

still subject to becoming infected but they do not show
symptoms. Infection without symptoms is a common out-
come of exposure, as shown by volunteer studies and point
prevalence of asymptomatic infection detected in the gen-
eral population, which can be as high as 30% (5,78,19). In
effect, our model allows for boosting of immunity by cy-
cling between the recovered (R) and infectious asymptom-
atic (A) compartments. However, our estimates of duration
of immunity pertain to time spent in the immune state from
time of most recent symptomatic infection. If a person re-
peatedly became asymptomatically infected (moves from
R to A class), that person would effectively be immune to
disease for longer than a person without successive asymp-
tomatic/subclinical infections. The duration of immunity
estimates are therefore conservative with respect to total
time a person is protected from disease.

Second, with this single-strain model, we assume that
all NoVs are antigenically indistinguishable and that in-
fection with 1 NoV provides protection against all others.
This is not strictly true (/7), but data are not available on
cross-protection to a range of NoV strains circulating at a
particular time. As an extreme simplification of this pro-
cess, we modeled GII.4 viruses on the assumption that they
comprise 72% of observed incidence and are an antigeni-
cally homotypic genotype, essentially acting as a separate
virus. However, GII.4 viruses are antigenically distinct
from other GII viruses, and every few years, new GII.4
strains emerge that escape acquired population immunity.
Over the past 15 years, at least 2 immune escape variants
of GII.4 have emerged (in 2002 and 2006) (33). Although
our estimate of duration of immunity (>4 years) may be
compromised by this assumption, that novel GII.4s emerge
once every 4 years or so would still suggest a role for the
duration of immunity on the scale of years. Immunity
gained through exposure to the prevalent strain would per-
sist past emergence of a new strain, even though such pro-
tection could be effectively useless against the new strain.

- 35 Figure 3. Norovirus gastroenteritis
500 g outbreak pattemns from 30 US states,
L30 January 2007—April 2010 (black bars)
.E K and predicted annualized monthly
@ 400 ' a incidence for all age groups (red
£ & line). These results are for model B
e o l! I 2  (which includes presymptomatic and
2 300 \ . '\ 2  postsymptomatic  infectiousness)
E '. i u ;. and, for this illustration, seasonal
E 200 H - g fordng (35
2 \ h 10 ﬁ
& 100 u s 3
] I| hi , 2
Il &
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2008 2009 2010
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These findings could ultimately have implications for
vaccine policy. Empirical studies strongly document that
children have the highest incidence of disease. Our results
suggest that young children play a dominant role in the
transmission process. Therefore, vaccinating young chil-
dren is likely to result in both the greatest direct and in-
direct benefits. This conclusion is at odds with the current
direction of vaccine development, which is increasingly
focused on demonstrating safety and efficacy in older age
groups (36,37). Future modeling studies could explicitly
examine the potential direct and indirect benefits of vac-
cinating different age groups. Moreover, severe disease
disproportionately occurs among the elderly (despite their
lower incidence of disease), but the elderly are difficult to
successfully immunize for both programmatic and immu-
nologic reasons. Therefore, future modeling studies should
address the question of whether severe disease outcomes
could best be prevented directly, by vaccinating the elderly,
or indirectly, by vaccinating children (38—40). Our study
provides estimates of the infectiousness of children <5
years of age and adults (with the former being much more
infectious) on which to base such simulations.

Because these results suggest a longer duration of
protection than previously estimated, they support the con-
tinued development of NoV vaccines. A short duration of
protection (<1 year, for example) would be a major impedi-
ment for widespread use of a NoV vaccine because it would
have to be given frequently, and the distribution would be
expensive and logistically difficult (e.g., willingness for an-
nual vaccination). However, if duration of immunity and
possibly vaccine protection are indeed on the order of 5
years, as this study suggests, the cost-benefits and health
gains per person vaccinated could be substantially greater
than previously estimated (47).

Our findings represent a substantial departure from
current estimates of the duration of immunity to NoV. As
noted, our models make several potentially influential sim-
plifying assumptions. However, these models, grounded in
observational evidence on age-specific incidence, seasonal-
ity of disease, and levels of population immunity, may be
more realistic than results of re-challenge studies, which
have formed the basis of current estimates. Specifically,
this analysis suggests that the large dose or type (GI.1) de-
livered to volunteers in the classic challenge studies was
unrepresentative of natural exposure to common contem-
porary strains. Because a robust duration of protection is
likely crucial for the success of vaccines, future trials could
consider following-up at least a subset of participants for
several years either for natural disease or by challenge, pro-
viding an empirical test of these modeling results.
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