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Background. School-aged children suffer high rates of influenza virus infections and associated illnesses each
year, and are a major source of transmission in the community. However, information on the cumulative incidence
of infection in specific epidemics is scarce, and there are limited studies with sufficient follow-up to identify the
strength and duration of protection against reinfection.

Methods. We randomly allocated children 5–17 years of age to receive trivalent inactivated influenza vaccine
(TIV) or placebo from September 2009 through January 2010, and then conducted follow-up for 3 years including
regular collection of sera, symptom diaries, and collection of nose and throat swabs during illness episodes in par-
ticipants or their household members.

Results. Of 796 children initially randomized, 484 continued to participate for all 3 years. In unvaccinated chil-
dren, cumulative incidence of infection was estimated to be 59% in the first wave of H1N1pdm09 in 2009–2010, and
7%, 14%, 20%, and 31% in subsequent epidemics of H3N2 (2010), H1N1pdm09 (2011), B (2012), and H3N2 (2012),
respectively. Infection with H1N1pdm09 in 2009–2010 and H3N2 in 2010 was associated with protection against
infection with subsequent epidemics of the same subtype in 2011 and 2012, respectively, but we found no evidence of
heterotypic or heterosubtypic protection against infection.

Conclusions. We identified substantial incidence of influenza virus infections in children in Hong Kong in 5
major epidemics over a 3-year period, and evidence of homosubtypic but not heterosubtypic protection following
infection.

Clinical Trials Registration. NCT00792051.

Keywords. influenza virus; vaccination; incidence rates; immunity.

Influenza viruses cause substantial morbidity each year.
It is now well accepted that school-aged children are
important in influenza epidemiology, often suffering
the highest rates of infections and illnesses during

epidemics, and also acting as a major source of trans-
mission in the community [1, 2]. A few controlled
studies of the population benefits of vaccination of
school-aged children have been reported [3–8]; how-
ever, much of the evidence on the impact and cost-
effectiveness of alternative vaccination strategies comes
from simulation models [2, 9, 10]. Improvements in our
understanding of the dynamics of influenza infection
and transmission are needed to calibrate such models.

We randomly allocated school-aged children to re-
ceive trivalent inactivated influenza vaccine (TIV) or
placebo and followed up the children to identify the in-
cidence of influenza virus infections. We previously
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reported results for the first year after vaccination, including the
primary outcomes of the randomized controlled trial [11]. Here
we report the results of extended follow-up for 36 months after
vaccination. The objective of the present study is to identify any
extended effect of TIV after the first year, to quantify the risk of
influenza virus infections in school-aged children in 3 consec-
utive years, and to explore how infection in one epidemic influ-
enced risk of infection in subsequent epidemics.

METHODS

Recruitment and Follow-up of Participants
The study was designed on a household basis, to enable infer-
ence on the indirect as well as direct benefits of influenza vac-
cination and transmission dynamics within households.
Invitation letters were distributed to members of a local birth
cohort and via local schools. Eligible households included at
least 1 child aged 6–17 years who did not have any contraindi-
cations against injection of TIV. One eligible child from each
household was randomized to receive either a single dose of
TIV (0.5 mLVAXIGRIP, Sanofi Pasteur) or saline placebo intra-
muscularly, regardless of whether they had previously received
an influenza vaccine. The 2009–2010 TIV used in our study
included the strains A/Brisbane/59/2007(H1N1)-like (ie, a pre-
pandemic seasonal H1N1 virus), A/Brisbane/10/2007(H3N2)-
like, and B/Brisbane/60/2008-like. Procedures to ensure allocation
concealment and double blinding were described previously,
and blinding was maintained throughout the study [11].

Serum specimens were collected from study participants at
baseline prior to vaccination (August 2009–February 2010)
and 1 month after vaccination. Sera were thereafter collected an-
nually each autumn for every participant, and each spring for at
least 25% of participants. At the end of each year, participants
were invited to continue participating in the study for another
year. Vaccines and placebos were only administered to study
participants once, at the beginning of the study. Receipt of in-
fluenza vaccine outside of the trial was recorded annually.

All participants and their household contacts were instructed
to record the presence of any systemic and respiratory symp-
toms in a symptom diary daily throughout the study. Telephone
calls were made every 2 weeks on average to monitor for any
acute upper respiratory tract infections (URTIs). Households
were also reminded to report any acute URTIs to the study hot-
line as soon as possible after illness onset. Home visits were trig-
gered by the presence of any 2 symptoms or signs of fever
(temperature ≥37.8°C), chills, headache, sore throat, cough,
presence of phlegm, coryza, or myalgia in any household mem-
ber and repeated at 3-day intervals until acute URTIs resolved.
During home visits, combined nasal and throat swabs (NTSs)
were collected from all household members regardless of illness.
Households were compensated with supermarket vouchers

(and book tokens for children) worth US$65 each year for par-
ticipation in the study, US$13 for each serum specimen provid-
ed, and US$6.5 for each home visit.

Household contacts of study participants also provided reg-
ular serum specimens and NTSs during illness episodes, and
symptom diaries throughout the follow-up period; the results
will be reported separately.

Ethical Approval
Proxy written consent from parents or legal guardians was ob-
tained for the participants who were all aged ≤17 years, with
additional written assent from those 8–17 years. The study pro-
tocol was approved by the institutional review board of the Uni-
versity of Hong Kong.

Laboratory Methods
Serum specimens were tested in parallel by hemagglutination
inhibition assays in serial doubling dilutions from an initial di-
lution of 1:10 using standard methods [8, 12]. In year 1 (2009–
2010), serum specimens were tested against A/California/7/
2009(H1N1) (the pandemic virus), A/Perth/16/2009-like
(H3N2), B/Brisbane/60/2008-like (Victoria lineage), and B/Flo-
rida/4/2006 (Yamagata lineage). In year 2 (2010–2011), serum
specimens were tested against the same assays for H1N1pdm09,
H3N2, and B/Victoria, plus B/Wisconsin/1/2010 (Yamagata
lineage). In year 3 (2011–2012), serum specimens were tested
against the same assays as year 2 for H1N1pdm09, B/Victoria,
and B/Yamagata, plus A/Victoria/361/2011-like (H3N2). Sera
from consecutive years were tested in parallel as is recommend-
ed practice when examining paired sera for evidence of influen-
za virus infections. Pooled NTSs were tested by reverse
transcription polymerase chain reaction (PCR) for influenza
A and B viruses using standard methods as previously described
[8, 12].

Statistical Analysis
Sequential antibody titer measurements were compared to de-
termine serologic evidence of infection during corresponding
periods, indicated by a ≥4-fold increase in consecutive antibody
titer measurements. In some cases, sera were collected after the
start or before the end of influenza virus epidemics, so that
4-fold rises in titers could underestimate the cumulative inci-
dence of infection if some infections occurred before or after
the period covered by collection of sera. To account for this,
we used local influenza surveillance data to provide a proxy
measure of the weekly risk of infection, allowing for a 14-day
delay between infection and rise in antibody titers. The weekly
risk of infection was assumed to be directly proportional to the
weekly proportion of outpatients with influenza-like illness
(ILI) multiplied by the weekly proportion of specimens testing
positive for influenza virus (by type/subtype) [13]. For each
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epidemic, we used Poisson regression offset by the proxy mea-
sure of the corresponding subtype during the weeks that partic-
ipants were followed up to estimate the incidence rates of
influenza virus infections indicated by serology. Because our
study began during the first wave of H1N1pdm09, to estimate
the cumulative incidence of infection across the entire first
wave we used additional published data on incidence of
H1N1pdm09 in unvaccinated children prior to August 2009
from a separate study [8]. For that epidemic, the influenza
proxy was inflated by enhanced surveillance activities during
the autumn of 2009, and to account for this we included an ad-
ditional rescaling parameter on the H1N1pdm09 proxy after 11
November 2009 and estimated that parameter in the regression
model. We determined that the results were not sensitive when
alternative dates in November 2009 through January 2010 were
used in sensitivity analyses. Study participants who reported re-
ceipt of influenza vaccine in 2010–2011 and 2011–2012 were
excluded from estimation of incidence of infection for the
year following vaccination.

We defined the following illness outcomes: (1) acute respira-
tory illness (ARI), defined as at least any 2 of fever (temperature
≥37.8°C), headache, sore throat, cough, and myalgia [8]; and (2)
febrile acute respiratory illness (FARI), defined as fever (tem-
perature (≥37.8°C) plus cough or sore throat [8, 12, 14]. We de-
fined episodes of ARI and FARI as periods of ≥1 day when
participants met the criteria for ARI or FARI, respectively,
and separate episodes occurring within a 7-day period were
merged. PCR-confirmed infections and illness episodes were
analyzed for each participant from 14 days after vaccination
until collection of the final serum specimen.

The risks of repeated laboratory-confirmed influenza infec-
tions with the same type/subtype or different type/subtype
were calculated and compared. For each epidemic, logistic re-
gression models were used to examine the risk of infection in
that epidemic vs history of laboratory-confirmed influenza
virus infections in preceding epidemics. For selected epidemics,
antibody titers prior to the epidemic were compared between
participants who were or were not infected in that epidemic,
and geometric mean antibody titers were compared with Wil-
coxon signed-rank tests. Children who reported receipt of influ-
enza vaccine in 2010–2011 and 2011–2012 were excluded.

We used multiple imputation with 10 imputations to account
for 1% of baseline missing data on home floor area [15], and we
used complete case analyses for the remainder of the statistical
analyses. Statistical analyses were conducted using R version
2.15.1 (R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Of 796 participants randomly allocated to TIV or placebo from
September 2009 through January 2010, 484 (61%) were

followed up for all 3 years until October–December 2012. The
characteristics of subjects participating in the extended follow-
up were similar to those who withdrew (Table 1). The timeline
of sera collection and local influenza virus activity is shown in
Figure 1. There were 5 major influenza virus epidemics during
the study period: (1) the latter part of the first wave of
H1N1pdm09 in the winter of 2010; (2) an epidemic of H3N2
in the summer of 2010; (3) the second wave of H1N1pdm09
in the winter of 2011; (4) an epidemic of influenza B in the win-
ter of 2012; and (5) an epidemic of H3N2 in the spring and
summer of 2012.

Seven hundred eighty-one of 796 (98%) children provided
postvaccination sera at the start of year 1, and 739 of 796
(93%), 568 of 603 (94%), and 470 of 484 (97%) of children pro-
vided sera at the ends of year 1, year 2, and year 3, respectively.
In addition, serum specimens were collected from 36%, 34%,
and 45% of children in the spring of years 1, 2, and 3, respec-
tively. The corresponding antibody titer data from all children
are shown in Figure 2. Geometric mean titers were similar be-
tween TIV recipients and placebo recipients throughout the 3
years for H1N1pdm09 and B/Yamagata, but remained higher
for H3N2 and B/Victoria. Estimates of the cumulative incidence
of infection in each of the 5 major epidemics during the study
period are shown in Table 2. The first wave of H1N1pdm09 was
associated with very high incidence in children, whereas cumu-
lative incidence varied from 7% to 31% in unvaccinated chil-
dren in the subsequent epidemics. In the first wave of
H1N1pdm09, vaccinated children had a lower risk of infection
that was statistically significant; in the following 4 epidemics,
there were no statistically significant differences in the propor-
tions of vaccinated vs unvaccinated children with serological ev-
idence of infection.

In total, we confirmed 79 influenza virus infections by PCR
including 29 H1N1pdm09, 13 H3N2, 26 B/Victoria, and

Table 1. Characteristics of Study Participants Followed Up
During 2009–2012

Characteristic
2009–2010
(n = 796)

2010–2011
(n = 603)

2011–2012
(n = 484)

Age at enrollmenta, No. (%)

6–9 y 374 (47) 276 (46) 224 (46)

10–13 y 337 (42) 263 (44) 213 (44)
14–17 y 85 (11) 64 (11) 47 (10)

Male sex, No. (%) 424 (53) 315 (52) 257 (53)

Mean No. of persons in
household

3.8 3.8 3.7

Mean floor area of home,
square feet

517 516 505

a All participants were enrolled between September 2009 and January 2010.
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Figure 1. Timeline of participant recruitment and follow-up, compared with local data on influenza virus activity.

Figure 2. A–D, Antibody titer measurements over calendar time (points) and the geometric mean titer for participants who initially received trivalent
inactivated influenza vaccine (solid line) or placebo (dashed line).
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11 B/Yamagata. The incidence rates of PCR-confirmed infec-
tion, ARI, and ILI are shown in Table 3. Incidence rates of
ARI and FARI were highest in the first year and lowest in the
third year of follow-up. In the second year of the study, the in-
cidence rate of ARI was significantly higher among TIV recip-
ients compared with placebo recipients. In year 1 (2009–2010),
most influenza B detections were Victoria lineage, whereas in
year 3 (2011–2012), Victoria and Yamagata lineage viruses
were detected with similar frequency.

We examined immunity against repeated infections during the
study period, by estimating the pairwise associations of prior in-
fections with infections in subsequent epidemics (Table 4). We
identified 2 statistically significant associations of particular inter-
est. First, we identified a statistically significant protective effect
of H1N1pdm09 infection in the first wave (2009–2010) with
infection in the second wave in 2011. Seven of 98 (7%) of the
participants with serologic evidence of H1N1pdm09 infection
in the first wave and follow-up through the second wave of

H1N1pdm09 also had evidence of reinfection in the second
wave. Second, we identified a statistically significant protective ef-
fect of H3N2 infection in 2010 on H3N2 infection in 2012. Sev-
enteen of 78 (22%) participants with evidence of H3N2 infection
in the 2010 epidemic also had evidence of reinfection in 2012. In
both cases, children who had evidence of infection in both epi-
demics had statistically significantly lower antibody titers prior
to the second epidemic, compared with children whowere infect-
ed in the first but not second epidemic (Figure 3). In addition,
we identified a statistically significant association between
H1N1pdm09 infection in 2009–2010 and increased risk of
H3N2 infection in 2012 (Table 4).

Finally, we examined repeated influenza virus infections con-
firmed by PCR. Three participants had >1 PCR-confirmed
infection: 1 participant who had B/Victoria and then H3N2
2 months later, another with B/Yamagata and then H3N2 a
month later, and a third with B/Victoria followed by
H1N1pdm09 10 months later.

Table 2. Cumulative Incidence of Influenza Virus Infections in 5 Epidemics

Influenza Type/Subtype Epidemic Period

TIV Placebo

P ValueCumulative Incidence (95% CI) Cumulative Incidence (95% CI)

A(H1N1)pdm09a 5 July 2009–16 Jan 2010 0.43 (.35–.54) 0.59 (.48–.74) .05
A(H3N2) 1 Aug–16 Oct 2010 0.06 (.04–.09) 0.07 (.05–.11) .54

A(H1N1)pdm09 9 Jan–26 Feb 2011 0.17 (.13–.23) 0.14 (.10–.20) .34

B 22 Jan–24 March 2012 0.26 (.20–.33) 0.20 (.14–.28) .22
A(H3N2) 11 March–23 June 2012 0.22 (.17–.29) 0.31 (.23–.41) .09

Abbreviations: CI, confidence interval; TIV, trivalent inactivated influenza vaccine.
a Because participants were recruited during this epidemic, data from unvaccinated children in a separate study in 2008–2009 were used to estimate incidence in the
first part of this epidemic and permit these overall estimates of incidence to be made.

Table 3. Incidence Rates per Person-year of Clinically Confirmed Influenza Among Participants Who Received Trivalent Inactivated
Influenza Vaccine or Placebo at Recruitment

Outcome

2009–2010 2010–2011 2011–2012

TIV
(n = 479)

Placebo
(n = 317) P Value

TIV
(n = 365)

Placebo
(n = 238) P Value

TIV
(n = 286)

Placebo
(n = 198) P Value

By PCR
Pandemic A(H1N1) 2 (1–4) 2 (1–4) .61 3 (2–6) 1 (0–4) .16 0 (0–1) 0 (0–2) 1.00

Seasonal A(H3N2) 1 (1–3) 1 (0–3) .70 0 (0–) 0 (0–3) .39 1 (0–3) 0 (0–2) .27

Seasonal B 2 (1–4) 6 (3–9) .01 0 (0–1) 0 (0–1) 1.00 4 (2–) 4 (2–8) .87
ARIa 102 (93–112) 102 (91–114) .96 92 (83–103) 70 (60–81) <.01 63 (54–73) 55 (46–67) .31

FARIb 43 (37–49) 50 (43–59) .15 32 (27–39) 25 (19–32) .11 18 (13–23) 23 (17–31) .20

Data are presented as incidence rate per 100 person-years (95% confidence interval).

Abbreviations: ARI, acute respiratory illness; FARI, acute respiratory illness; PCR, polymerase chain reaction; TIV, trivalent inactivated influenza vaccine.
a ARI defined as at least any 2 of fever ≥37.8°C, headache, sore throat, cough, and myalgia.
b FARI defined as fever ≥37.8°C plus cough or sore throat.
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DISCUSSION

We followed up children for 36 months following random allo-
cation to TIV or placebo, and collected sera at regular intervals
to enable inference on incidence of influenza virus infections.
We identified risks of infection varying from 7% to 59% in un-
vaccinated school-aged children (Table 2), and evidence that
homosubtypic immunity against infection lasted for at least
18 months, whereas there was no evidence of heterotypic or het-
erosubtypic immunity against infection between epidemics that
occurred at least 3 months apart (Table 4).

Caution should be taken when estimating the cumulative
incidence of influenza virus infections from serologic data, be-
cause of the potential for underascertainment of infections in
vaccinated children [16]. It is noteworthy that geometric
mean antibody titers of the TIV group and placebo group

remained divergent for H3N2 and B/Victoria throughout the
3-year study period (Figure 2). However, we did not identify
any statistically significant differences in incidence of infections
based on serology between children randomly allocated to TIV
vs placebo, except for the reduced incidence of H1N1pdm09 in
2009–2010 (Table 2). We previously reported the immunoge-
nicity data from this study, demonstrating that there was no sig-
nificant effect of receipt of seasonal TIV on postvaccination
antibody against H1N1pdm09 by hemagglutination inhibition,
and discussed the potential for these results to indicate that TIV
protected against H1N1pdm09 infection [11]. Our results indi-
cate that there was little continued protection afforded by TIV
beyond a year after vaccination. In terms of incidence of illness
and incidence of PCR-confirmed infections, the only statisti-
cally significant difference observed was an increased rate of
ARI among TIV recipients in the second year of the study

Table 4. Association of Prior Infections With Risk of Repeated Influenza Virus Infections in Subsequent Epidemics

Infection in Prior Epidemic (2) A(H3N2) (3) A(H1N1)pdm09 (4) Influenza B (5) A(H3N2)

(1) A(H1N1)pdm09 0.70 (.34–1.42) 0.27 (.10–.76) 2.23 (.84–5.95) 2.56 (1.15–5.68)

(2) A(H3N2) . . . 1.93 (.69–5.43) 1.60 (.65–3.93) 0.39 (.18–.83)

(3) A(H1N1)pdm09 . . . . . . 0.98 (.26–3.73) 0.25 (.05–1.11)

(4) Influenza B . . . . . . . . . 1.90 (.79–.62)

Data are presented as odds ratio (95% confidence interval).Each odds ratio is from a separate logistic regression model, adjusted for age at enrollment (6–9, 10–13, and
14–17 y) and sex. Numbers (1) through (5) correspond to the epidemics described in the first paragraph of the Results. Estimates in bold are statistically significant.

Figure 3. Comparison of baseline antibody titer among those who were infected or not infected in the subsequent influenza epidemic. A, Antibody titers
in those infected or not infected during the second wave of influenza A(H1N1)pdm09 in winter 2011, including only children who were infected with
A(H1N1)pdm09 in the first wave in 2009–2010. B, Antibody titers in those infected or not infected during the epidemic of influenza A(H3N2) in spring
and summer 2012, including only children who were infected with A(H3N2) in an earlier epidemic in 2010.
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(Table 3), which is difficult to explain. It is noted that the in-
crease in ARI observed may be due to noninfluenza causes.
The H3N2 viruses that circulated from 2009 onward were anti-
genically mismatched to the strain included in the 2009–2010
TIV used in our study [11].

We identified substantial incidence of H1N1pdm09 in 2009–
2010 in children (Table 2). We previously reported cumulative
incidence of 43% [17] and 39% [18] in school-aged children in
the first wave of H1N1pdm09 in Hong Kong, but both of those
studies ended by January 2010 and did not cover the entire first
wave of the pandemic, explaining the somewhat higher esti-
mates presented here. It is noteworthy that a second wave of
H1N1pdm09 occurred approximately a year after the end of
the first wave, despite very high incidence in children in the
first wave. Subjects who were infected in both epidemics had
lower antibody titers prior to the second epidemic (Figure 3),
consistent with waning protection. The second wave of
H1N1pdm09 had similar or greater mortality impact compared
with the first wave, with the majority of excess deaths occurring
among elderly persons [19]. Our study demonstrates substantial
incidence of infection in children during that second wave.

Homosubtypic immunity is thought to last for at least a few
years following infection [20–24], although antigenic drift allows
influenza viruses to escape the herd immunity that builds up after
epidemics [25]. There are fewer reports of immunity across types
and subtypes from epidemiological studies. One study in Russia
reported heterosubtypic protection against illness associated with
influenza A(H2N2) in the summer of 1957 conferred by A
(H1N1) infections 2–5 months earlier, although most infections
were not laboratory-confirmed [26]. A study in Japan in 1977–
1978 reported heterosubtypic protection against A(H1N1)
conferred by A(H3N2) infections in 663 schoolchildren [27]. A
recent study in the United States found no evidence for substan-
tial heterosubtypic immunity [20],and results from the 1957 pan-
demic in the United States are controversial [28, 29].We did not
identify any evidence for heterotypic or heterosubtypic immunity
against infection (Table 4), but epidemics did not occur very close
together in our study. The closest epidemics were influenza B
peaking in February 2012, followed by H3N2, which peaked in
May 2012 (Figure 1). We did not examine heterotypic or hetero-
subtypic immunity against symptoms if infected, as we recorded
relatively few PCR-confirmed infections.

There are a number of limitations of our study. Although we
identified a moderate to high incidence of infections in 5 con-
secutive epidemics (Table 2), we were unable to confirm the ma-
jority of infections by PCR. In addition, declining rates of ARI
and ILI through the 3 years of follow-up (Table 3) could indicate
some degree of response fatigue, rather than a truly declining
burden of illness. Underascertainment and late ascertainment
of illnesses, and consequent underascertain- ment of influenza
virus infections by PCR, might have been improved by more

frequent telephone reminders, and could certainly have been im-
proved by scheduling frequent home visits regardless of illness
[30], although this would have required considerable resources
and might have had an impact on retention of participants.
Other historical [31, 32] and recent [33, 34] household-based co-
hort studies have reported much more frequent indications of in-
fections based on serology than were confirmed by virologic
testing, whereas rates of illness were not substantially higher
among infected persons, and inferred that the majority of influ-
enza virus infections are asymptomatic and perhaps without sub-
stantial virus shedding [35]. These issues highlight the advantage
of epidemiological analysis based on serology, but seroepidemiol-
ogy has other limitations. Some epidemics were not neatly brack-
eted by sera collection, leading to difficulty in accurately
estimating incidence. We only obtained biannual blood samples
from 34% to 45% of participants, and estimates of incidence for
the majority of participants were based on yearly samples with
potentially reduced sensitivity to ascertain infections. One recent
study described the potential for underascertainment of infec-
tions based on ≥4-fold rises in yearly antibody titers [36]. Im-
proved methodology for inferring incidence from serologic data
would be welcomed. Finally, as mentioned above, serologic data
can provide underestimation of infections in vaccinated persons
due to ceiling effects and waning titers after vaccination [16].

In conclusion, we identified substantial incidence of influen-
za virus infections in children in Hong Kong over a 3-year
period, and evidence of homosubtypic but not heterosubtypic
protection following infections.
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