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The dynamics of viral shedding and symptoms following influenza virus infection are key factors when consid-
ering epidemic control measures. The authors reviewed published studies describing the course of influenza virus
infection in placebo-treated and untreated volunteers challenged with wild-type influenza virus. A total of 56
different studies with 1,280 healthy participants were considered. Viral shedding increased sharply between 0.5
and 1 day after challenge and consistently peaked on day 2. The duration of viral shedding averaged over 375
participants was 4.80 days (95% confidence interval: 4.31, 5.29). The frequency of symptomatic infection was
66.9% (95% confidence interval: 58.3, 74.5). Fever was observed in 37.0% of A/H1N1, 40.6% of A/H3N2 (p ¼
0.86), and 7.5% of B infections (p ¼ 0.001). The total symptoms scores increased on day 1 and peaked on day 3.
Systemic symptoms peaked on day 2. No such data exist for children or elderly subjects, but epidemiologic studies
suggest that the natural history might differ. The present analysis confirms prior expert opinion on the duration of
viral shedding or the frequency of asymptomatic influenza infection, extends prior knowledge on the dynamics of
viral shedding and symptoms, and provides original results on the frequency of respiratory symptoms or fever.

influenza, human; signs and symptoms; virus shedding

Abbreviations: CI, confidence interval; GEE, generalized estimating equations; HAI, hemagglutination inhibition; SD, standard
deviation.

The threat of a human influenza pandemic has dramati-
cally increased in recent years, and many countries have
now developed pandemic preparedness plans followingWorld
Health Organization guidelines (1). Measures to reduce the
spread of influenza within a given population, based on
treatment or prophylaxis with antiviral medications, isola-
tion, quarantine, or other social-distancing measures, are
considered at various phases of the plans, as they might play
a major role by reducing transmissibility. The effectiveness

of these measures would depend greatly on the possibility of
identifying infectious individuals and on how or when in-
fluenza virus is transmitted between individuals (2–5).

One critical question is whether the latent period overlaps
the incubation period or, in other words, how onset of in-
fectiousness overlaps onset of symptoms, if any (6). Another
critical issue is the duration of infectiousness, which deter-
mines, among other things, the duration of treatment, pro-
phylaxis, or isolation.
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Influenza infectiousness is usually equated to the pres-
ence of virus shedding. A recent report from the World
Health Organization (7) concluded that influenza virus shed-
ding can be detected 24–48 hours before clinical onset, and
that it peaks during the first 24 hours of illness. Shedding
usually lasts less than 5 days, but it may be higher and
longer in children. The incubation period is reported to av-
erage 2 days (range: 1–4 days). These data are derived from
expert opinions or may have involved observational and
experimental studies without any attempt to use systematic
review; they are not supported by high-quality evidence.

The frequency of asymptomatic infection is also a critical
parameter for interventions involvingcontact tracing.Modeling
studies used frequencies of between 30 percent and 50 percent
(2–5, 8). However, these percentages come from pre- and post-
influenza-season serologic studies, and they may therefore be
subject to recall bias when individuals were askedwhether they
had had influenza-like illness during winter (9) or to classifica-
tion bias due to lack of sensitivity of laboratory tests (10).

Experimental influenza virus infection of healthy volunteers
provides a unique opportunity to describe the natural history,
as 1) the date of infection is known with certainty, 2) shedding
and symptoms are recorded prospectively, and 3) participants
are usually selected with low pre-hemagglutination inhibition
(HAI) antibody titers.

MATERIALS AND METHODS

Search strategy and identification of studies

A literature search was carried out using the PubMed
database, with the keywords (‘‘human influenza’’ (text

word) or ‘‘influenza, human’’ (MeSH terms)) and (‘‘volun-
teer’’ (all fields) or ‘‘experimental’’ (all fields) or ‘‘deliberate
infection’’ (all fields) or ‘‘shedding’’ (all fields) or ‘‘symp-
toms’’ (all fields)). We limited our search to English-
language papers published between 1965 and 2005. A
total of 827 papers were selected (figure 1). We included
any study with any design in which a subgroup of partic-
ipants was challenged with a wild-type influenza virus
and for which there was at least one type of outcome
measure, that is, viral shedding or symptoms. We identi-
fied additional articles by searching the reference lists of
articles. We also made a hand search in textbooks on
influenza. We did not specifically consult world-leading
specialists on influenza, but a bibliographic search on their
names was performed. No attempt was done to retrieve
primary data from the original studies. Two of us (F. C.,
M. L.) read all the studies retrieved in the search and
applied the inclusion criteria. Differences were resolved
by discussion and consensus.

Data abstraction

For each paper, we collected information on the year of
publication, the number of study subgroups, the partici-
pants’ characteristics, the number of participants, the type
and subtypes of wild-type influenza virus used for chal-
lenge, the route of inoculation, the inoculated dose ex-
pressed in median tissue-culture infective doses, the
duration of follow-up, and a summary of how clinical and
virologic data were collected (refer to ‘‘Supplementary
Material’’). (This information is posted on the Journal’s

Potentially relevant articles
identified and screened
for retrieval
(n = 827) 

Excluded (n = 770)
-  Reviews (n = 127)
-  Abstract did not confirm

experimental challenge
in humans with a wild-type
influenza strain (n = 643)

Articles retrieved for more
detailed evaluation
(n = 57)

Excluded (n = 19)
-  Insufficient data or duplicate 

publication (n = 19)

Included in the review
(n = 71)

Additional articles identified
by searching the reference list
of papers selected or
handsearching in textbooks
(n = 33)

FIGURE 1. Identification of eligible articles.
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website (http://aje.oxfordjournals.org/).) Note that one study
can involve several subgroups of volunteers challenged with
different influenza viruses and, conversely, several articles
can describe the identical subgroup of volunteers but different
outcomes (e.g., viral shedding or illness). Influenza virus in-
fection was defined as a greater than fourfold rise in pre-HAI
antibody titers or viral shedding (positive nasal wash cul-
tures) at least 1 day after inoculation.

We extracted the following effect measures for each sub-
group: proportion of infected individuals among those chal-
lenged, proportion of infected participants who shed virus
(positive nasal wash on at least one occasion at least 1 day
after inoculation), duration of viral shedding (time from in-
oculation to the first negative nasal wash with no subsequent
positive washes), and proportion of infected participants who
developed symptoms (any, systemic, or fever, respiratory, or
nasal symptoms). We also described the dynamics of viral
shedding, expressed in terms of the log-scale viral titer, and
the dynamics of symptoms. Because various methods were
used for scoring of symptoms, we normalized each study
curve to its maximum clinical score of signs and symptoms.
Summary curves were calculated as the weighted average of
curves with weights equal to the number of individuals who
were considered in each study curve. A further measure of
shedding of interest is the first moment of the viral shedding
curve. Recent work that estimated the generation time of
influenza from household study data also showed that the
resulting generation time distribution was quantitatively
similar to viral shedding curves from experimental infection
studies in human volunteers (4). This result is supportive of
the hypothesis that infectiousness is proportional to viral
shedding. Under this hypothesis, the average delay from
a person’s being infected to that individual’s infecting
other people, that is, the generation time (Tg), can be cal-
culated as

Tg¼
Z N

0
tVðtÞdt=

Z N

0
VðtÞdt;

where V(t) is the absolute level of viral shedding at time t
postinfection.

Statistical analysis

Summary effect measures were calculated. For summary
means, a random-effect model was used, and the effect of
covariates was assessed using the chi-square test for hetero-
geneity (11). For summary proportions, we used a binomial
generalized estimating equations (GEE) model with an ex-
changeable correlation structure (12). The ‘‘clustered’’ effect
was subgroup defined as the set of individuals challenged
with the same influenza strain in each study. The GEE model
gives population-averaged parameters, and it has been used
for meta-analysis of rates (13, 14). The influence of a cova-
riate on the effect measure was tested with the Wald chi-
square test by introducing the covariate as a predictor of
the effect measure in the GEE model. For all comparisons
involving the type or subtype of influenza virus, A/H1N1 was
chosen as the reference group. Statistical tests were two
tailed, with a type I error risk of 5 percent.

RESULTS

Search results

Seventy-one papers describing 56 different studies, 79
different subgroups, and 1,280 different participants were
considered. In all the studies, the participants were young
adults aged between 18 and 40 or 50 years, except in one
study (15), where the age ranged up to 65 years. A total of
199 (12 subgroups) participants had pre-HAI antibody titers
to the challenge strain of at least 1/16 or were not selected
according to their pre-HAI antibody titers, and these subjects
were excluded from summary analyses of viral shedding or
illness; 1,081 participants (67 subgroups) had a pre-HAI
antibody titer that was considered unprotective (<1/16). A
total of 532 volunteers were challenged with an A/H1N1
virus, 473 with an A/H3N2 virus, 86 with an A/H2N2 virus,
and 189 with a type B virus. The routes of challenge were
intranasal instillation in most studies. Throat sprays were
also used in three studies (16–18), and aerosol inhalation
was used in one study (19). The inoculum ranged between
three and 7.2 log10 median tissue-culture infective doses.
Most papers reported ethics committee approval or collec-
tion of written, informed consent from each participant. In
almost all studies, participants were individually confined
for 1 week. Most studies included daily follow-up with daily
nasal washing and collection of clinical signs and symp-
toms. The follow-up period ranged from 3 days prior to
inoculation to 14 days after inoculation.

Infection and viral shedding

The overall proportion of influenza virus infection in in-
dividuals with pre-HAI antibody titers of <1/16 was 88.2
percent (95 percent confidence interval (CI): 83.9, 91.4)
(refer to Supplementary Material). Viral shedding was found
in 93.1 percent of participants infected with A/H1N1, 92.5
percent with A/H3N2 (p ¼ 0.71 vs. A/H1N1), and 83.9 per-
cent with A/H2N2 virus (p ¼ 0.14) and was lower in partic-
ipants infected with a type B virus (81.5 percent, p ¼ 0.014)
(table 1).

Dynamics of viral shedding in infected volunteers

The dynamics of viral shedding are summarized in figure 2.
The A/H1N1 and A/H3N2 curves showed a sharp increase
during the first day following inoculation, and they reached
their maximum values during the second day. Return to
baseline values was obtained by day 8. The summary curves
did not differ markedly according to influenza virus type or
subtype, although A/H3N2 infections gave sustained high
viral titers by comparison with A/H1N1.

On average, viral shedding was detected 1 day after in-
oculation. The distribution of the first observation of shed-
ding was day 1 in 64 (83 percent) participants, day 2 in 11
(14 percent) participants, and day 3 in two (3 percent) par-
ticipants (1.1 days, on average) (20). After challenge with
A/H2N2 virus, four (40 percent) of the volunteers who shed
the virus had culture-positive nasal washes by day 1 and 100
percent by day 3 (16). In two other studies, 14 (74 percent)
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(21) and 12 volunteers (86 percent) (22) had positive viral
culture on the first day after inoculation. In the latter study,
however, viral cultures became positive on days 4 and 5 in
two volunteers.

When calculating the duration of viral shedding, we ex-
cluded three studies because of missing or inconsistent stan-
dard deviation values (23–25), and 23 study subgroups (375
participants) were considered. The mean duration of viral
shedding was 4.80 days (95 percent CI: 4.31, 5.29) and did
not differ according to the influenza virus types or subtypes:
4.50 days (95 percent CI: 3.71, 5.28) for type A/H1N1, 5.14
days (95 percent CI: 4.48, 5.80) for type A/H3N2 (p¼ 0.22,
random-effect model), and 3.70 days (95 percent CI: 1.73,
5.66) for type B virus (p ¼ 0.46).

Regarding the maximum duration of viral shedding, most
volunteers had stopped shedding virus by day 6 or 7 (26,
27). However, longer durations are not rare: In one study
subgroup, five (20 percent) participants still shed influenza
B virus on day 8 after inoculation (15), and durations of
A/H3N2 viral shedding ranging up to 9 days have been
reported (28). In another study, three (30 percent) partici-
pants shed A/H2N2 virus until day 10 (16). In this latter
case, however, the results were controversial: Volunteers
were placed in isolation in groups of three, so that reinfec-
tion cannot be excluded.

The mean generation time calculated from viral shedding
curves was 2.3 days (range: 1.5–2.7 days) for type A/H1N1,
3.1 days (range: 2.2–4.0 days) for type A/H3N2, and 3.4
days for type B virus. Across all studies, the mean genera-
tion time was 2.5 days.

Factors influencing viral shedding

There are few studies of factors associated with viral
shedding. A dose-ranging study showed that the duration
of shedding was proportional to the intranasal dose (29).
Several studies suggested that volunteers were partially im-
mune to the contemporary strain even though they had a low
level of HAI antibodies in their serum before challenge (23,
30), thus explaining why some infected volunteers shed
a small quantity of wild-type virus over a short period. This

was supported by a significant difference in preexposure
HAI antibody titers between participants with influenza vi-
rus infection who shed (average log titer ¼ 0.7 (standard
deviation (SD): 0.2)) and those who did not (average log
titer ¼ 1.5 (SD: 0.4)) (31).

Clinical illness

Any symptoms. Thirty-eight subgroups (522 infected in-
dividuals) were considered (table 2). The proportion of
symptomatic infection (any symptoms) was 66.9 percent
(95 percent CI: 58.3, 74.5). No significant difference was
noted according to the virus type (refer to table 2 for
p values) or the initial infectious dose (p ¼ 0.12).

Respiratory symptoms. Upper respiratory symptoms,
defined as nasal stuffiness, runny nose, sore throat, sneezing,
hoarseness, ear pressure, or earache, were most frequent.
The proportion of upper respiratory symptoms was
58.8 percent (95 percent CI: 45.5, 70.8) (table 3). A lower pro-
portion was noted among participants infected with A/H3N2
virus compared with those infected with A/H1N1 virus,
but the difference must be interpreted with care as only
three small subgroups were considered for A/H3N2
infections.

Lower respiratory symptoms were defined as cough,
breathing difficulty, and chest discomfort. Frequencies of
lower respiratory symptoms were reported in six subgroups
(four A/H1N1, one A/H3N2, one B; 119 infected partici-
pants). The proportion of lower respiratory symptoms was
21.0 percent (95 percent CI: 14.0, 30.3) and did not differ
between virus types and subtypes or according to the in-
oculated dose.

Fever. Defined as a temperature of 100�F or 37.8�C or
above, fever was reported in 34.9 percent (95 percent CI:
26.7, 44.2) of infected individuals (table 4). A lower pro-
portion of fever in influenza B infection and a higher pro-
portion in A/H2N2 infection were found as compared with
A/H1N1 infections. A negative link was found between the
dose and the proportion with fever (per log10 median tissue-
culture infective dose increase: odds ratio¼ 0.56, 95 percent
CI: 0.42, 0.73; p < 0.001).

TABLE 1. Frequency of viral shedding (positive nasal wash on at least one occasion at least 1 day after

inoculation) in healthy volunteers with low pre-hemagglutination inhibition antibody titers after

experimental influenza virus infection*

Influenza virus
types and
subtypes

Subgroups
(no.)

Infected
participants

(no.)

Viral
shedding

(no.)

Fixed-effect
estimates

(%)

95%
confidence
intervaly

GEE
estimatesz

(%)

95%
confidence
interval

A/H1N1 21 362 336 92.8 89.7, 95.3 93.1 88.5, 95.9

A/H3N2 18 228 210 92.1 87.8, 95.3 92.5 85.8, 96.1

A/H2N2 3 31 26 83.9 66.3, 94.6 84.3 64.9, 94.0

B 13 150 120 80.0 72.7, 86.1 81.5 67.0, 90.5

All 55 771 692 89.8 87.4, 91.8 90.0 85.6, 93.1

* p values for comparisons between influenza virus types or subtypes (A/H3N2 vs. A/H1N1: p ¼ 0.82; A/H2N2 vs.

A/H1N1: p ¼ 0.15; B vs. A/H1N1: p ¼ 0.014).

yExact binomial confidence limits.

zGEE estimates, logistic generalized estimating equations model estimates.
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Ear symptoms. Otologic manifestations were fre-
quently reported. Ear pressure abnormalities were observed
in 33–73 percent of 26 infected placebo recipients (32–35),
and earache has been reported in 33–47 percent of adults (33).
In one study, four participants (15 percent) developed signs
of otitis media between days 5 and 7 after infection (36).

Dynamics of symptoms

An increase in the average total symptoms score was
noted by day 1 after inoculation in A/H1N1 and A/H3N2
infections (figure 3). Total scores peaked by day 2 or day 3
and returned to baseline values by day 8. Individual incuba-
tion times were reported in 16 men who developed febrile
illness after being inoculated with A/Bethesda/10/63
(H2N2) virus (37): Three men had an incubation period of
1 day, nine of 2 days, and four of 3 days (average: 2 days). In
another subgroup, illness began an average of 1.7 days after
challenge (38).

Systemic symptoms (fever, muscle aches, fatigue, head-
ache) peaked earlier, by day 2 after inoculation, and re-
solved faster than respiratory or nasal symptoms (figure 4).

The mean duration of illness was rarely reported. The
mean duration of illness was 4.4–5 days in 25 participants
infected with A/H1N1 virus (34, 39), 3.7 days in seven
participants challenged with A/H3N2 virus (40), 4.6 days
in 13 participants infected with A/H2N2 virus (37), and 4.1
days in seven participants challenged with B virus (41).

Factors influencing clinical illness

The proportion and duration of illness were lower in the
case of elevated pre-HAI titers. In two different studies with
A/H3N2 virus challenge, the pooled proportions of illness
(any symptoms) were 57 percent (20 of 34) in participants
with pre-HAI titers <1/12, 52 percent (15 of 29) in partic-
ipants with pre-HAI titers between 1/12 and 1/24, and
15 percent (two of 13) in participants with pre-HAI titers
>1/24 (42, 43) (p ¼ 0.015; Cochran-Armitage chi-square
for a trend). The mean duration of illness was 4.4 days
(SD: 1.8) in participants with pre-HAI titers of �1/8 versus
1.0 day (SD: 1.4) in those with pre-HAI titers of >1/8
challenged with a wild-type A/H1N1 virus (34).

Relation between viral shedding and illness

Figure 5 describes the summary curves of viral shedding
and total symptoms scores averaged over all influenza types
and subtypes. The two curves showed similar shapes al-
though viral shedding preceded illness by 1 day.

There is limited information on viral shedding in volun-
teers who did not develop clinical illness. In one study, three
participants infected with a A/H3N2 virus who did not de-
velop clinical illness excreted the virus, but the quantity of
shedding was not available (44). We found only two studies
using A/H3N2 viruses. The mean quantity of virus in nasal
wash fluids from volunteers who shed virus and developed
illness (n ¼ 11) was from two log10 to three log10 times
higher than in individuals who did not develop illness
(n ¼ 14), and a positive correlation was found between
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FIGURE 2. Summary curves of viral shedding in experimental
influenza virus infection, according to the virus type or subtype. Eight
curves (116 participants who shed influenza virus) for A/H1N1 subtype
(21, 22, 24, 26, 32, 74–76) and four curves (41 participants) for A/H3N2
subtype (25, 28, 40, 45) were averaged, and one curve (eight
participants) was plotted for the B type (24). Bold curves correspond
to weighted averages of study curves (standard error).
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the mean quantity of virus per positive specimen and sever-
ity of illness (45, 46).

DISCUSSION

On the basis of a large review of experimental influenza
virus infection of healthy volunteers, we found that average
shedding of influenza virus increased during the first day
after inoculation, consistently peaked on the second day,
and lasted less than 5 days. One in three infected participants
did not develop any clinical illness. Experimental influenza
virus infection caused a mild disease, with mainly upper
respiratory symptoms. Fever was observed in one third of
participants, and lower respiratory symptoms, including
cough, occurred in one in five participants.

A critical question is whether these findings are applica-
ble to naturally acquired influenza virus infection. The an-
swer will depend on three factors: the pathogenicity of the
virus used to challenge volunteers, the host status as regards
preexisting homo- and heterosubtypic immunity, and how
the experimental challenge model accurately reflects acqui-
sition of influenza in the real world.

It has been suggested that the viruses used in experimen-
tal studies were of moderate pathogenicity by comparison
with wild-type seasonal influenza viruses (15, 24, 47, 48).
It is noteworthy that two (8 percent) of 24 studies using
A/H3N2 versus 19 (76 percent) of 25 studies using A/H1N1
were published after 1990 (p < 0.001), indicating a trend in
the use of these respective influenza virus subtypes. This
trend was likely due to the opinion that A/H3N2 infections
gave more severe illnesses than did A/H1N1 infections, as
higher rates of mortality or hospitalization have been re-
ported with the A/H3N2 subtypes (49–51). However, we
found no arguments supporting the idea that the challenge
viruses were only moderately pathogenic. In particular, viral
shedding and illness proportions did not differ according to
the virus subtype. Two studies published within the 3 years
after the emergence of the A/H3N2 influenza virus subtype
used the pandemic strain to challenge seronegative volun-
teers (46, 52). They reported a proportion of ‘‘any illness’’
of 60 percent (15 of 25), consistent with the summary mea-
sure. The pathogenicity of influenza virus may also have
been influenced by passage history through different viral
media to produce an adequately sized pool for safety chal-
lenging. Influenza viruses are known to accumulate

TABLE 2. Proportion of volunteers who developed clinical illness after experimental influenza virus

infection*

Influenza virus
types and
subtypes

Subgroups
(no.)

Infected
participants

(no.)

Clinical
illness
(no.)

Fixed-effect
estimates

(%)

95%
confidence
intervaly

GEE
estimatesz

(%)

95%
confidence
interval

A/H1N1 11 228 158 69.3 62.9, 75.2 70.8 50.4, 85.2

A/H3N2 18 223 139 62.3 55.6, 68.7 64.5 54.6, 73.3

A/H2N2 3 31 24 77.4 55.4, 82.1 77.9 55.1, 91.0

B 6 40 25 62.5 45.8, 77.3 57.4 35.2, 76.9

All 38 522 346 66.3 62.1, 70.3 66.9 58.3, 74.5

* p values for comparisons between influenza virus types or subtypes (A/H3N2 vs. A/H1N1: p ¼ 0.68; A/H2N2 vs.

A/H1N1: p ¼ 0.57; B vs. A/H1N1: p ¼ 0.29).

yExact binomial confidence limits.

zGEE estimates, logistic generalized estimating equations model estimates.

TABLE 3. Proportion of volunteers who developed upper respiratory tract illness after experimental

influenza virus infection*

Influenza virus
types and
subtypes

Subgroups
(no.)

Infected
participants

(no.)

Upper
respiratory
tract illness

(no.)

Fixed-effect
estimates

(%)

95%
confidence
intervaly

GEE
estimatesz

(%)

95%
confidence
interval

A/H1N1 8 144 103 71.7 63.5, 79.1 69.2 53.6, 81.3

A/H3N2 3 52 21 40.4 27.0, 54.9 38.4 17.2, 65.2

B 5 77 36 46.8 35.3, 58.5 56.3 31.3, 78.5

All 16 273 160 58.6 52.5, 64.5 58.8 45.5, 70.8

* p values for comparisons between influenza virus types or subtypes (A/H3N2 vs. A/H1N1: p ¼ 0.05; B vs.

A/H1N1: p ¼ 0.32).

yExact binomial confidence limits.

zGEE estimates, logistic generalized estimating equations model estimates.
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mutations in hemagglutinin during such passages. Hemag-
glutinin is an important antigen affecting the virulence of
influenza viruses, and these mutations may have altered the
antigenic characteristics of the viruses and their pathogenic-
ity (53–55). Consequently, the apparent absence of differ-
ences across subtypes does not rule out the possibility that
severity of illness was diminished in all subtypes in the
experimental studies relative to natural acquisition of the
same subtypes. In a study comparing naturally versus ex-
perimentally acquired influenza A (H3N2) infection, it was
concluded that this factor may have explained in part the
milder illness in experimentally infected volunteers (48).
Comparability of the groups was, however, questionable in
this study because the naturally infected group consisted of
individuals who sought medical attention with acute febrile
respiratory illness and thus were more severely ill and not
representative of the clinical syndromes caused by influenza
infection. In a prospective survey of households where an
influenza-positive index patient was identified, fever or fe-
verishness was found in only 16–32 percent of household
contacts who developed an acute illness within 5 days of
inclusion (56). These numbers are in line with our findings.

As regards preexisting homo- and heterosubtypic immu-
nity, our review included more than 93 percent participants
with �1/8 pre-HAI antibody titers, thus eliminating preex-
isting homotypic immunity (57). Heterosubtypic immunity
is supported by both biologic evidence and epidemiologic
theory (30, 58, 59), although its true mechanism is currently
unknown. Heterosubtypic immunity, including immunity
directed against other proteins of influenza virus, such as
the neuraminidase or nucleoproteins, could have explained
the mild disease in some volunteers but is also likely to
preexist the emergence of an influenza strain in the adult
population (60–62). We have no idea of how heterosubtypic
immunity might affect the proportion or dynamics of shed-
ding and illness, but we believe that findings in the healthy
adult population with an unknown degree of heterosubtypic
immunity and a low level of homotypic immunity would
apply to most influenza epidemics.

As regards how the experimental challenge model mimics
reality, the reviewed studies have the potential limitation

that most participants were inoculated using intranasal in-
stillations. Although large droplets are thought to be the
main mode of influenza transmission (7, 63–65), direct con-
tact with secretions or aerosols can play a role in natural
infections (66). We found only one study using aerosol in-
halation (19). In 11 adult volunteers with low neutralizing
antibody titers who were challenged with A/H2N2 virus, six
were infected and typical clinical influenza occurred in four.
On the basis of these results and those of older studies, it
was stated that participants infected by intranasal drop in-
oculation had a milder disease, a longer incubation time, and
a lower proportion of involvement of the lower respiratory
tract than those infected by aerosol inoculation (66). Because
of the low number of subjects, these statements are not sup-
ported by strong statistical evidence, but we cannot exclude
that the symptoms initiated by intranasal inoculation may not
cover the full spectrum of symptoms seen in natural infections.
Finally, in our review, the proportions of symptomatic infec-
tion were consistent with the proportions observed in commu-
nity studies of naturally acquired influenza virus infection,
which included all possible routes of transmission (9, 10).
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FIGURE 3. Summary curves of total symptoms scores in experi-
mental influenza virus infection, according to the virus type or subtype.
Seven curves (134 infected participants) for A/H1N1 subtype (21, 22,
26, 76, 77) and eight curves (68 participants) for A/H3N2 subtype (18,
25, 40, 43, 45, 48, 78) were averaged, and one curve (11 participants)
for A/H2N2 subtype (16) and one curve (15 participants) for B type (17)
were plotted. A total score of 1 corresponds to the maximum reported
score value (refer to Materials and Methods).

TABLE 4. Proportion of volunteers who had fever (>100�F or >37.8�C) after experimental influenza virus

infection*

Influenza virus
types and
subtypes

Subgroups
(no.)

Infected
participants

(no.)

Fever
(no.)

Fixed-effect
estimates

(%)

95%
confidence
intervaly

GEE
estimatesz

(%)

95%
confidence
interval

A/H1N1 15 285 88 30.9 25.6, 36.6 37.0 24.6, 51.3

A/H3N2 13 167 66 39.5 32.1, 47.4 40.6 30.9, 51.1

A/H2N2 1 10 10 100 69.2, 100 100§ 69.2, 100§

B 7 101 7 7.0 2.8, 13.8 7.5 3.2, 16.9

All 36 563 171 30.4 26.6, 34.4 34.9 26.7, 44.2

* p values for comparisons between influenza virus types or subtypes (A/H3N2 vs. A/H1N1: p ¼ 0.86; A/H2N2 vs.

A/H1N1: p ¼ 0.001; B vs. A/H1N1: p ¼ 0.001).

yExact binomial confidence limits.

zGEE estimates, logistic generalized estimating equations model estimates.

§ Fixed-effect estimate (too few subgroups for GEE estimate).
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The duration of shedding may have been influenced by
the choice of sampling site or the sensitivity of the virologic
methods (67), but the experimental conditions would have
limited this type of bias. We used summary effect measures
and had no access to individual data. This prevented us from
describing the variability of several possibly important pa-
rameters. Finally, several reports suggest that, compared
with otherwise healthy adults, children can shed virus ear-
lier before the illness begins and for a longer period once the
illness starts (68–70). In one report, presymptomatic shed-
ding was described up to 6 days before clinical onset (68).
However, the findings must be interpreted with care, as these
data were collected retrospectively, and no children with
positive viral shedding preceding clinical onset were iden-
tified in the prospective part of the study. In another report,
in 63 hospitalized children, the duration of positive virus
isolation was 6.8 days (SD: 1.7) in influenza A and 6.2 days
(SD: 1.3) in influenza B infections (70). We are not aware of

such data in the elderly. Cytotoxic T-lymphocyte activity is
responsible for viral clearance and recovery from infection
(71). Cytotoxic T-lymphocyte activity declines with age
(72), and we can suspect that viral shedding would persist
longer in the elderly as shown in immunocompromised
individuals (73). The impaired cellular response would de-
crease the frequency of symptoms associated with produc-
tion of cytokines (e.g., fever) (74) and would increase the
risk of complications.

We found a striking negative link between the inoculated
dose and the proportion of fever. We have no explanation for
this result. Particularly, the apparent correlation was not due
to a difference of influenza subtypes or a time trend.

Epidemiologically, one is as much interested in how the
infectiousness of an infected individual varies over time as
the time someone sheds virus at above a detectable level.
This is best captured by the generation time of an influenza
epidemic. Our analysis indicates that the generation time of
influenza may be as short as 2.5 days on average (range:
1.5–4.0 days). This value is consistent with the value of 2.6
days estimated from epidemiologic data (4) and substan-
tially shorter than other epidemiologic modeling studies
have assumed (2, 5).

To conclude, our analysis confirms prior expert opinion
on the duration of viral shedding or the frequency of asymp-
tomatic influenza infection, extends prior knowledge on the
dynamics of viral shedding and symptoms, and provides
original results on the frequency of respiratory symptoms
or fever. Optimistically, viral shedding, the surrogate marker
of infectiousness, was of moderate duration, and its dynam-
ics largely overlapped those of systemic symptoms, thus (in
theory) permitting efficient isolation of infectious individu-
als. Pessimistically, viral shedding peaked rapidly, infec-
tions were rarely ‘‘typical,’’ and symptoms or signs widely
used for influenza case definitions (e.g., fever or cough)
would be unreliable for identifying infectious individuals.

Urgent research needs include the role of heterosubtypic
immunity and the natural history of influenza virus infection
in children and the elderly.

Editor’s note: References 83–111 are cited in the Web-
only Supplementary Material posted on the Journal’s web-
site (http://aje.oxfordjournals.org/).

ACKNOWLEDGMENTS

The study was financially supported by INSERM (F. C.,
E. V., M. L., A-J. V.), the National Institute of General
Medical Sciences MIDAS Program (S. C., N. M. F.), and
the European Union Framework 6 program (F. C., A-J. V.,
N. M. F., S. C.).

Conflict of interest: none declared.

REFERENCES

1. Mounier-Jack S, Coker RJ. How prepared is Europe for
pandemic influenza? Analysis of national plans. Lancet
2006;367:1405–11.

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 1 2 3 4 5 6 7 8 9

No. of days

V
ir

al
 t

it
er

s 
(l

o
g

 s
ca

le
)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

S
ym

p
to

m
s sco

re

Viral shedding

Total symptoms score

Inoculation

FIGURE 5. Summary curves of viral shedding and total symptoms
scores in experimental influenza virus infection. Thirteen curves were
used for viral shedding (refer to figure 2 legend), and 17 curves were
used for total symptoms scores (refer to figure 3 legend).

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0 1 2 3 4 5 6 7 8 9
No. of days

S
ym

p
to

m
s 

sc
o

re

Respiratory

Systemic

Nasal

Inoculation

FIGURE 4. Summary curves of systemic symptoms (fever, muscle
aches, fatigue, headache), respiratory symptoms, or nasal symptoms
scores. Seven curves (159 infected participants) were considered for
the systemic scores (20, 34, 74, 79–82), five curves (132 participants)
for the nasal scores (20, 34, 79–81), and two curves (28 participants)
for the respiratory scores (28, 75). A score of 1 corresponds to the
maximum reported score value (refer to Materials and Methods).

782 Carrat et al.

Am J Epidemiol 2008;167:775–785

http://aje.oxfordjournals.org


2. Longini IM Jr, Halloran ME, Nizam A, et al. Containing
pandemic influenza with antiviral agents. Am J Epidemiol
2004;159:623–33.

3. Mills CE, Robins JM, Lipsitch M. Transmissibility of 1918
pandemic influenza. Nature 2004;432:904–6.

4. Ferguson NM, Cummings DA, Cauchemez S, et al. Strategies
for containing an emerging influenza pandemic in Southeast
Asia. Nature 2005;437:209–14.

5. Germann TC, Kadau K, Longini IM Jr, et al. From the cover:
mitigation strategies for pandemic influenza in the United
States. Proc Natl Acad Sci U S A 2006;103:5935–40.

6. Fraser C, Riley S, Anderson RM, et al. Factors that make an
infectious disease outbreak controllable. Proc Natl Acad Sci
U S A 2004;101:6146–51.

7. Bell DM. Non-pharmaceutical interventions for pandemic
influenza, international measures. Emerg Infect Dis 2006;
12:81–7.

8. Ferguson NM, Cummings DA, Fraser C, et al. Strategies
for mitigating an influenza pandemic. Nature 2006;442:
448–52.

9. Elder AG, O’Donnell B, McCruden EA, et al. Incidence and
recall of influenza in a cohort of Glasgow healthcare workers
during the 1993–4 epidemic: results of serum testing and
questionnaire. BMJ 1996;313:1241–2.

10. Monto AS, Koopman JS, Longini IM Jr. Tecumseh study of
illness. XIII. Influenza infection and disease, 1976–1981. Am
J Epidemiol 1985;121:811–22.

11. Cochran WG. The combination of estimates from different
experiments. Biometrics 1954;10:101–29.

12. Zhou XH, Brizendine EJ, Pritz MB. Methods for combining
rates from several studies. Stat Med 1999;18:557–66.

13. Safdar N, Fine JP, Maki DG. Meta-analysis: methods for di-
agnosing intravascular device-related bloodstream infection.
Ann Intern Med 2005;142:451–66.

14. Garg AX, Suri RS, Barrowman N, et al. Long-term renal
prognosis of diarrhea-associated hemolytic uremic
syndrome: a systematic review, meta-analysis, and meta-
regression. JAMA 2003;290:1360–70.

15. Hayden FG, Jennings L, Robson R, et al. Oral oseltamivir in
human experimental influenza B infection. Antivir Ther
2000;5:205–13.

16. Jao RL, Wheelock EF, Jackson GG. Production of interferon
in volunteers infected with Asian influenza. J Infect Dis
1970;121:419–26.

17. Togo Y, McCracken EA. Double-blind clinical assessment of
ribavirin (Virazole) in the prevention of induced infection
with type B influenza virus. J Infect Dis 1976;133(suppl):
A109–13.

18. Togo Y, Schwartz AR, Tominaga S, et al. Cyclooctylamine in
the prevention of experimental human influenza. JAMA
1972;220:837–41.

19. Alford RH, Kasel JA, Gerone PJ, et al. Human influenza
resulting from aerosol inhalation. Proc Soc Exp Biol Med
1966;122:800–4.

20. Doyle WJ, Skoner DP, Alper CM, et al. Effect of rimantadine
treatment on clinical manifestations and otologic complica-
tions in adults experimentally infected with influenza A
(H1N1) virus. J Infect Dis 1998;177:1260–5.

21. Hayden FG, Fritz R, Lobo MC, et al. Local and systemic
cytokine responses during experimental human influenza A
virus infection. Relation to symptom formation and host de-
fense. J Clin Invest 1998;101:643–9.

22. Murphy AW, Platts-Mills TA, Lobo M, et al. Respiratory
nitric oxide levels in experimental human influenza. Chest
1998;114:452–6.

23. Brown TA, Murphy BR, Radl J, et al. Subclass distribution
and molecular form of immunoglobulin A hemagglutinin
antibodies in sera and nasal secretions after experimental
secondary infection with influenza A virus in humans. J Clin
Microbiol 1985;22:259–64.

24. Barroso L, Treanor J, Gubareva L, et al. Efficacy and toler-
ability of the oral neuraminidase inhibitor peramivir in ex-
perimental human influenza: randomized, controlled trials for
prophylaxis and treatment. Antivir Ther 2005;10:901–10.

25. Magnussen CR, Douglas RG Jr, Betts RF, et al. Double-blind
evaluation of oral ribavirin (Virazole) in experimental influ-
enza A virus infection in volunteers. Antimicrob Agents
Chemother 1977;12:498–502.

26. Hayden FG, Treanor JJ, Betts RF, et al. Safety and efficacy of
the neuraminidase inhibitor GG167 in experimental human
influenza. JAMA 1996;275:295–9.

27. Kaiser L, Fritz RS, Straus SE, et al. Symptom pathogenesis
during acute influenza: interleukin-6 and other cytokine re-
sponses. J Med Virol 2001;64:262–8.

28. Reuman PD, Bernstein DI, Keefer MC, et al. Efficacy and
safety of low dosage amantadine hydrochloride as prophy-
laxis for influenza A. Antiviral Res 1989;11:27–40.

29. Keitel WA, Couch RB, Cate TR, et al. Cold recombinant
influenza B/Texas/1/84 vaccine virus (CRB 87): attenuation,
immunogenicity, and efficacy against homotypic challenge.
J Infect Dis 1990;161:22–6.

30. Clements ML, Subbarao EK, Fries LF, et al. Use of single-
gene reassortant viruses to study the role of avian influenza A
virus genes in attenuation of wild-type human influenza A
virus for squirrel monkeys and adult human volunteers. J Clin
Microbiol 1992;30:655–62.

31. Gentile D, Doyle W,Whiteside T, et al. Increased interleukin-
6 levels in nasal lavage samples following experimental in-
fluenza A virus infection. Clin Diagn Lab Immunol 1998;
5:604–8.

32. Hayden FG, Tunkel AR, Treanor JJ, et al. Oral LY217896 for
prevention of experimental influenza A virus infection and
illness in humans. Antimicrob Agents Chemother 1994;38:
1178–81.

33. Walker JB, Hussey EK, Treanor JJ, et al. Effects of the
neuraminidase inhibitor zanamavir on otologic manifesta-
tions of experimental human influenza. J Infect Dis 1997;176:
1417–22.

34. Doyle WJ, Skoner DP, Hayden F, et al. Nasal and otologic
effects of experimental influenza A virus infection. Ann Otol
Rhinol Laryngol 1994;103:59–69.

35. Doyle WJ, Alper CM, Buchman CA, et al. Illness and oto-
logical changes during upper respiratory virus infection.
Laryngoscope 1999;109:324–8.

36. Buchman CA, Doyle WJ, Skoner DP, et al. Influenza Avirus-
induced acute otitis media. J Infect Dis 1995;172:1348–51.

37. Knight V, Kasel JA, Alford RH, et al. New research on in-
fluenza: studies with normal volunteers. Combined Clinical
Staff Conference at the National Institutes of Health. Ann
Intern Med 1965;62:1307–25.

38. Reuman PD, Bernstein DI, Keely SP, et al. Influenza-specific
ELISA IgA and IgG predict severity of influenza disease in
subjects prescreened with hemagglutination inhibition. An-
tiviral Res 1990;13:103–10.

39. Hobbins TE, Hughes TP, Rennels MB, et al. Bronchial re-
activity in experimental infections with influenza virus.
J Infect Dis 1982;146:468–71.

40. Douglas RG Jr, Betts RF, Simons RL. Evaluation of a topical
interferon inducer in experimental influenza infection in
volunteers. Antimicrob Agents Chemother 1975;8:684–7.

Review of Experimental Influenza Infection 783

Am J Epidemiol 2008;167:775–785



41. Treanor JJ, Betts RF. Evaluation of live attenuated cold-
adapted influenza B/Yamagata/16/88 reassortant virus vac-
cine in healthy adults. J Infect Dis 1993;168:455–9.

42. Al-Nakib W, Higgins PG, Willman J, et al. Prevention and
treatment of experimental influenza A virus infection in
volunteers with a new antiviral ICI 130,685. J Antimicrob
Chemother 1986;18:119–29.

43. Phillpotts RJ, Higgins PG, Willman JS, et al. Intranasal
lymphoblastoid interferon (‘‘Wellferon’’) prophylaxis against
rhinovirus and influenza virus in volunteers. J Interferon Res
1984;4:535–41.

44. Whicher JT, Chambers RE, Higginson J, et al. Acute phase
response of serum amyloid A protein and C reactive protein to
the common cold and influenza. J Clin Pathol 1985;38:312–16.

45. Bjornson AB, Mellencamp MA, Schiff GM. Complement is
activated in the upper respiratory tract during influenza virus
infection. Am Rev Respir Dis 1991;143:1062–6.

46. Couch RB, Douglas RG Jr, Fedson DS, et al. Correlated
studies of a recombinant influenza-virus vaccine. 3. Protec-
tion against experimental influenza in man. J Infect Dis
1971;124:473–80.

47. Treanor JJ, Kotloff K, Betts RF, et al. Evaluation of trivalent,
live, cold-adapted (CAIV-T) and inactivated (TIV) influenza
vaccines in prevention of virus infection and illness following
challenge of adults with wild-type influenza A (H1N1), A
(H3N2), and B viruses. Vaccine 1999;18:899–906.

48. Little JW, Douglas RG Jr, Hall WJ, et al. Attenuated influenza
produced by experimental intranasal inoculation. J Med Virol
1979;3:177–88.

49. Simonsen L, Clarke MJ, Williamson GD, et al. The impact of
influenza epidemics on mortality: introducing a severity in-
dex. Am J Public Health 1997;87:1944–50.

50. Thompson WW, Shay DK, Weintraub E, et al. Influenza-
associated hospitalizations in the United States. JAMA 2004;
292:1333–40.

51. Thompson WW, Shay DK, Weintraub E, et al. Mortality as-
sociated with influenza and respiratory syncytial virus in the
United States. JAMA 2003;289:179–86.

52. Kasel JA, Couch RB. Experimental infection in man and
horses with influenza A viruses. Bull World Health Organ
1969;41:447–52.

53. Katz JM, Naeve CW, Webster RG. Host cell-mediated vari-
ation in H3N2 influenza viruses. Virology 1987;156:386–95.

54. Oxford JS, Schild GC, Corcoran T, et al. A host-cell-selected
variant of influenza B virus with a single nucleotide substi-
tution in HA affecting a potential glycosylation site was at-
tenuated in virulence for volunteers. Arch Virol 1990;110:
37–46.

55. Robertson JS, Bootman JS, Newman R, et al. Structural
changes in the haemagglutinin which accompany egg
adaptation of an influenza A(H1N1) virus. Virology 1987;
160:31–7.

56. Carrat F, Sahler C, Rogez S, et al. Influenza burden of illness:
estimates from a national prospective survey of household
contacts in France. Arch Intern Med 2002;162:1842–8.

57. de Jong JC, Palache AM, Beyer WE, et al. Haemagglutination-
inhibiting antibody to influenza virus. Dev Biol (Basel) 2003;
115:63–73.

58. Boon AC, de Mutsert G, van Baarle D, et al. Recognition of
homo- and heterosubtypic variants of influenza A viruses by
human CD8þ T lymphocytes. J Immunol 2004;172:2453–60.

59. Ferguson NM, Galvani AP, Bush RM. Ecological and im-
munological determinants of influenza evolution. Nature
2003;422:428–33.

60. Epstein SL. Prior H1N1 influenza infection and susceptibility
of Cleveland Family Study participants during the H2N2
pandemic of 1957: an experiment of nature. J Infect Dis
2006;193:49–53.

61. Palese P. Influenza: old and new threats. Nat Med 2004;
10(suppl):S82–7.

62. Gillim-Ross L, Subbarao K. Can immunity induced by the
human influenza virus N1 neuraminidase provide some pro-
tection from avian influenza H5N1 viruses? (Electronic
article). PLoS Med 2007;4:e91.

63. Bridges CB, Kuehnert MJ, Hall CB. Transmission of influ-
enza: implications for control in health care settings. Clin
Infect Dis 2003;37:1094–101.

64. Brankston G, Gitterman L, Hirji Z, et al. Transmission of in-
fluenza A in human beings. Lancet Infect Dis 2007;7:257–65.

65. Lemieux C, Brankston G, Gitterman L, et al. Questioning
aerosol transmission of influenza. Emerg Infect Dis 2007;13:
173–4; author reply 174–5.

66. Tellier R. Review of aerosol transmission of influenza A vi-
rus. Emerg Infect Dis 2006;12:1657–62.

67. Magnard C, Valette M, Aymard M, et al. Comparison of two
nested PCR, cell culture, and antigen detection for the di-
agnosis of upper respiratory tract infections due to influenza
viruses. J Med Virol 1999;59:215–20.

68. Frank AL, Taber LH, Wells CR, et al. Patterns of shedding of
myxoviruses and paramyxoviruses in children. J Infect Dis
1981;144:433–41.

69. Hall CB, Douglas RG Jr, Geiman JM, et al. Viral shedding
patterns of children with influenza B infection. J Infect Dis
1979;140:610–13.

70. Sato M, Hosoya M, Kato K, et al. Viral shedding in children
with influenza virus infections treated with neuraminidase
inhibitors. Pediatr Infect Dis J 2005;24:931–2.

71. Cox RJ, Brokstad KA, Ogra P. Influenza virus: immunity and
vaccination strategies. Comparison of the immune response
to inactivated and live, attenuated influenza vaccines. Scand J
Immunol 2004;59:1–15.

72. Webster RG. Immunity to influenza in the elderly. Vaccine
2000;18:1686–9.

73. Weinstock DM, Gubareva LV, Zuccotti G. Prolonged shed-
ding of multidrug-resistant influenza A virus in an immuno-
compromised patient. N Engl J Med 2003;348:867–8.

74. Fritz RS, Hayden FG, Calfee DP, et al. Nasal cytokine and
chemokine responses in experimental influenza A virus in-
fection: results of a placebo-controlled trial of intravenous
zanamivir treatment. J Infect Dis 1999;180:586–93.

75. Treanor JJ, Betts RF, Erb SM, et al. Intranasally administered
interferon as prophylaxis against experimentally induced in-
fluenza A virus infection in humans. J Infect Dis 1987;156:
379–83.

76. Youngner JS, Treanor JJ, Betts RF, et al. Effect of simulta-
neous administration of cold-adapted and wild-type influenza
A viruses on experimental wild-type influenza infection in
humans. J Clin Microbiol 1994;32:750–4.

77. Hayden FG, Treanor JJ, Fritz RS, et al. Use of the oral
neuraminidase inhibitor oseltamivir in experimental human
influenza: randomized controlled trials for prevention and
treatment. JAMA 1999;282:1240–6.

78. Cohen A, Togo Y, Khakoo R, et al. Comparative clinical and
laboratory evaluation of the prophylactic capacity of ribavirin,
amantadine hydrochloride, and placebo in induced human
influenza type A. J Infect Dis 1976;133(suppl):A114–20.

79. Skoner DP, Doyle WJ, Seroky J, et al. Lower airway re-
sponses to influenza A virus in healthy allergic and nonal-
lergic subjects. Am J Respir Crit Care Med 1996;154:661–4.

784 Carrat et al.

Am J Epidemiol 2008;167:775–785



80. Skoner DP, Whiteside TL, Wilson JW, et al. Effect of influ-
enza A virus infection on natural and adaptive cellular im-
munity. Clin Immunol Immunopathol 1996;79:294–302.

81. Wadowsky RM, Mietzner SM, Skoner DP, et al. Effect of
experimental influenza A virus infection on isolation of
Streptococcus pneumoniae and other aerobic bacteria from
the oropharynges of allergic and nonallergic adult subjects.
Infect Immun 1995;63:1153–7.

82. Reuman PD, Bernstein DI, Keely SP, et al. Differential effect
of amantadine hydrochloride on the systemic and local im-
mune response to influenza A. J Med Virol 1989;27:137–41.

83. Murphy BR, Rennels MB, Douglas RG Jr, et al. Evaluation of
influenza A/Hong Kong/123/77 (H1N1) ts-1A2 and cold-
adapted recombinant viruses in seronegative adult volunteers.
Infect Immun 1980;29:348–55.

84. Betts RF, Douglas RG Jr, Murphy BR. Resistance to chal-
lenge with influenza A/Hong Kong/123/77 (H1N1) wild-type
virus induced by live attenuated A/Hong Kong/123/77
(H1N1) cold-adapted reassortant virus. J Infect Dis 1985;
151:744–5.

85. Sears SD, Clements ML. Protective efficacy of low-dose
amantadine in adults challenged with wild-type influenza A
virus. Antimicrob Agents Chemother 1987;31:1470–3.

86. Doyle WJ, Skoner DP, White M, et al. Pattern of nasal
secretions during experimental influenza virus infection.
Rhinology 1996;34:2–8.

87. Skoner DP, Angelini BL, Jones A, et al. Suppression of in
vivo cell-mediated immunity during experimental influenza
A virus infection of adults. Int J Pediatr Otorhinolaryngol
1996;38:143–53.

88. Gentile DA, Doyle WJ, Fireman P, et al. Effect of experi-
mental influenza A infection on systemic immune and in-
flammatory parameters in allergic and nonallergic adult
subjects. Ann Allergy Asthma Immunol 2001;87:496–500.

89. Calfee DP, Peng AW, Hussey EK, et al. Safety and efficacy of
once daily intranasal zanamivir in preventing experimental
human influenza A infection. Antivir Ther 1999;4:143–9.

90. Calfee DP, Peng AW, Cass LM, et al. Safety and efficacy of
intravenous zanamivir in preventing experimental human
influenza A virus infection. Antimicrob Agents Chemother
1999;43:1616–20.

91. DoyleWJ, Seroky JT, Angelini BL, et al. Abnormal middle ear
pressures during experimental influenza A virus infection—
role of Eustachian tube function. Auris Nasus Larynx 2000;
27:323–6.

92. Smorodintsev AA, Zlydnikov DM, Kiseleva AM, et al.
Evaluation of amantadine in artificially induced A2 and B
influenza. JAMA 1970;213:1448–54.

93. Lauteria SF, Kantzler GB, High PC, et al. An attenuated in-
fluenza virus vaccine: reactogenicity, transmissibility, im-
munogenicity, and protective efficacy. J Infect Dis 1974;
130:380–3.

94. Kantzler GB, Lauteria SF, Cusumano CL, et al. Immuno-
suppression during influenza virus infection. Infect Immun
1974;10:996–1002.

95. Arroyo M, Beare AS, Reed SE, et al. A therapeutic study of
an adamantane spiro compound in experimental influenza A
infection in man. J Antimicrob Chemother 1975;1:87–93.

96. Cretescu L, Beare AS, Schild GC. Formation of antibody to
matrix protein in experimental human influenza A virus in-
fections. Infect Immun 1978;22:322–7.

97. Douglas RG Jr, Markoff LJ, Murphy BR, et al. Live Victoria/
75-ts-1[E] influenza Avirus vaccines in adult volunteers: role

of hemagglutinin immunity in protection against illness and
infection caused by influenza A virus. Infect Immun 1979;
26:274–9.

98. Murphy BR, Chanock RM, Levine MM, et al. Temperature-
sensitive mutants of influenza A virus: evaluation of the
A/Victoria/75-ts-1A2 temperature-sensitive recombinant
virus in seronegative adult volunteers. Infect Immun 1979;
23:249–52.

99. Murphy BR, Holley HP Jr, Berquist EJ, et al. Cold-adapted
variants of influenza A virus: evaluation in adult seronegative
volunteers of A/Scotland/840/74 and A/Victoria/3/75 cold-
adapted recombinants derived from the cold-adapted A/Ann
Arbor/6/60 strain. Infect Immun 1979;23:253–9.

100. Murphy BR, Markoff LJ, Hosier NT, et al. Temperature-
sensitive mutants of influenza A virus: evaluation of
A/Victoria/3/75-ts-1[E] recombinant viruses in volunteers.
Infect Immun 1978;20:671–7.

101. Clements ML, O’Donnell S, Levine MM, et al. Dose re-
sponse of A/Alaska/6/77 (H3N2) cold-adapted reassortant
vaccine virus in adult volunteers: role of local antibody in
resistance to infection with vaccine virus. Infect Immun
1983;40:1044–51.

102. Murphy BR, Chanock RM, Clements ML, et al. Evaluation of
A/Alaska/6/77 (H3N2) cold-adapted recombinant viruses
derived from A/Ann Arbor/6/60 cold-adapted donor virus
in adult seronegative volunteers. Infect Immun 1981;32:
693–7.

103. Tolpin MD, Clements ML, Levine MM, et al. Evaluation of
a phenotypic revertant of the A/Alaska/77-ts-1A2 reassortant
virus in hamsters and in seronegative adult volunteers: further
evidence that the temperature-sensitive phenotype is re-
sponsible for attenuation of ts-1A2 reassortant viruses. Infect
Immun 1982;36:645–50.

104. Murphy BR, Wood FT, Massicot JG, et al. Temperature-
sensitive mutants of influenza A virus. Transfer of the two ts-
1A2 ts lesions present in the Udorn/72-ts-1A2 donor virus to
the influenza A/Alaska/6/77 (H3N2) wild type virus. Arch
Virol 1980;65:175–86.

105. Snyder MH, Betts RF, DeBorde D, et al. Four viral genes
independently contribute to attenuation of live influenza
A/Ann Arbor/6/60 (H2N2) cold-adapted reassortant virus
vaccines. J Virol 1988;62:488–95.

106. Douglas RG Jr, Alford RH, Cate TR, et al. The leukocyte
response during viral respiratory illness in man. Ann Intern
Med 1966;64:521–30.

107. Morris JA, Kasel JA, Saglam M, et al. Immunity to
influenza to antibody levels. N Engl J Med 1966;274:
527–35.

108. Merigan TC, Reed SE, Hall TS, et al. Inhibition of respiratory
virus infection by locally applied interferon. Lancet 1973;1:
563–7.

109. Clements ML, Betts RF, Tierney EL, et al. Serum and nasal
wash antibodies associated with resistance to experimental
challenge with influenza A wild-type virus. J Clin Microbiol
1986;24:157–60.

110. Clements ML, Betts RF, Tierney EL, et al. Resistance of
adults to challenge with influenza A wild-type virus after
receiving live or inactivated virus vaccine. J Clin Microbiol
1986;23:73–6.

111. Sears SD, Clements ML, Betts RF, et al. Comparison of live,
attenuated H1N1 and H3N2 cold-adapted and avian-human
influenza A reassortant viruses and inactivated virus vaccine
in adults. J Infect Dis 1988;158:1209–19.

Review of Experimental Influenza Infection 785

Am J Epidemiol 2008;167:775–785


