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Abstract

Background: 2009 pandemic influenza A/HIN1 (A(H1N1)pdmQ9) was first detected in the United States in April 2009 and
resulted in a global pandemic. We conducted a serologic survey to estimate the cumulative incidence of A(HTN1)pdm09
through the end of 2009 when pandemic activity had waned in the United States.

Methods: We conducted a pair of cross sectional serologic surveys before and after the spring/fall waves of the pandemic
for evidence of seropositivity (titer =40) using the hemagglutination inhibition (HI) assay. We tested a baseline sample of
1,142 serum specimens from the 2007-2008 National Health and Nutrition Examination Survey (NHANES), and 2,759 serum
specimens submitted for routine screening to clinical diagnostic laboratories from ten representative sites.

Results: The age-adjusted prevalence of seropositivity to A(H1N1)pdm09 by year-end 2009 was 36.9% (95%Cl: 31.7-42.2%).
After adjusting for baseline cross-reactive antibody, pandemic vaccination coverage and the sensitivity/specificity of the HI
assay, we estimate that 20.2% (95%Cl: 10.1-28.3%) of the population was infected with A(H1N1)pdm09 by December 2009,
including 53.3% (95%Cl: 39.0-67.1%) of children aged 5-17 years.

Conclusions: By December 2009, approximately one-fifth of the US population, or 61.9 million persons, may have been
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infected with A(HTIN1)pdm09, including around half of school-aged children.
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Introduction

In April 2009, a novel influenza virus was first detected in two
children in the United States with a unique combination of genetic
sequences not previously detected in animals or humans [1]. The
spread of 2009 pandemic influenza A/HINI  virus
[A(HIN1)pdmO9] resulted in a pandemic with widespread illness
worldwide. In the United States, pandemic activity resulted in a
relatively small spring wave with large focal outbreaks in some
areas, followed by a larger fall wave of activity which peaked
nationwide in late October 2009 and had mostly declined by early
2010 [2].

Serologic surveys can be valuable for determining the incidence
of infection caused by a novel virus and making inferences about
the level of infection or immunity in a population. Tests such as
the hemagglutination-inhibition (HI) assay have long been used to
detect serologic responses to influenza virus infection or vaccina-
tion. An HI titer of =40 is generally associated with reduced
susceptibility to influenza infection, and has been used widely as a
marker of immunity or past infection with influenza virus [3,4,5].
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Seasonal influenza viruses generally have small antigenic and
genetic changes each year and thus are susceptible to some cross-
protective immunity among the population, while A(HIN1)pdm09
was antigenically and genetically distinct from recent human
seasonal influenza HIN1 viruses [6]. Because A(HINI1)pdm09 is
derived from influenza viruses that had primarily circulated only
among swine, little immunity among the general population would
be expected. However, A(HIN1)pdm09 is more similar to
historical HIN1 viruses that began circulating among humans
during the 1918 pandemic and spread into swine populations
worldwide [7]. As a result, some degree of baseline cross-reactivity
with AHIN1)pdmO09 has been shown to exist in older US adults
and international cohorts [8,9,10,11]; however, the frequency of
cross-reactive antibody among the general US population before
the pandemic began is unclear.

To better characterize population immunity and the incidence
of AHINI)pdmO9 in the United States, we conducted two
serologic surveys for the prevalence of AHINI)pdm09 antibodies
and collected information on pandemic vaccination coverage. The
objective was to measure the overall and age-specific increase in
seropositivity to A(HIN1)pdmO09 by the end of December 2009
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(subsequently referred to as year-end 2009) and to estimate the
contribution of vaccination and natural infection during the spring
and fall US pandemic waves.

Methods

To determine the increase in seropositivity to A(HINI1)pdm09
by year-end 2009, we conducted cross-sectional serologic surveys
before and after the pandemic waves in the United States.

Pre-pandemic baseline serum specimens

To establish pre-pandemic baseline levels of cross-reactive
antibody to A(HIN1)pdmO09 by age group, we tested a weighted
subsample of banked serum specimens collected during the 2007
2008 National Health and Nutrition Examination Survey
(NHANES), an ongoing population-based survey conducted
nationwide in the United States which includes extensive health
information from both face-to-face interviews and medical
examinations. NHANES involves a complex, multistage, proba-
bility sampling design to select participants representative of the
civilian, non-institutionalized US population. To fully consider the
sampling design and the oversampling of certain population
subgroups, results were analyzed in SUDAAN using standard
survey methods to accommodate the sample weights (WTHINTI)
and the sampling frame [12]. All estimates were assessed for design
effects, degrees of freedom, and relative standard error. Estimates
were not reported if the relative standard error was greater than
30%. The protocol for the use of the NHANES samples was
approved by the Research Ethics Review Board of the National
Center for Health Statistics (NCHS).

2009 serum specimens

To provide a broad geographic representation of the US
population following the second wave of the pandemic, we
collected the second set of serum specimens during December
2009-January 2010 from ten US sites, representing each of the 10
designated Department of Health and Human Services regions
Connecticut, New York City, Pennsylvania, Florida, Wisconsin,
Texas, Missouri, Utah, Arizona, and Washington. Serum speci-
mens included in the 2009 serosurvey were remaining specimens
that had been submitted for routine screening from clinical
diagnostic laboratories in the included states.

Sites conducted stratified random sampling of eligible specimens
within the following age groups: 0—4 years, 5—17 years, 18-24
years, 25—49 years, 50-64 years, 65+ years. Sites were requested to
submit 50 specimens per age group, although this sample size was
not achievable for all age groups in some sites. In those instances,
states sent all specimens available in that age group.

Only data on the patient’s age and the date of specimen
collection were submitted with each serum specimen. Otherwise,
specimens were delinked from all other data and personal
identifying information prior to shipping the specimens to CDC.

Serologic testing

Each serum specimen from the baseline and 2009 samples was
tested in triplicate using the hemagglutination-inhibition (HI) assay
using 0.5% turkey red blood cells, beta-propriolactone inactived A/
California/7/2009 virus and previously described methods [13].
Sera were pre-treated with receptor destroying enzyme (Denke
Seiken) according to the manufacturer’s recommendations and
were used at a starting dilution of 1:10 with two-fold serial dilutions.
A specimen was considered seropositive if the geometric mean HI
titer was =40, a titer generally associated with reduced susceptibility
to infection with influenza virus [3,4]. We also evaluated a titer
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cutoff of =20, which has been shown in recent studies to be sensitive
and specific for detecting PCR-confirmed infection with
AMHINID)pdmO09 during the first US wave of the pandemic [14].

H1N1 vaccination coverage

Because the HI assay does not distinguish between antibody
titers elicited by natural infection from those stimulated through
vaccination, we also collected information on A(HINI1)pdm09
vaccine coverage for the included states. Weekly pandemic
vaccination coverage estimates for each state, stratified by age
group, were calculated by CDC using combined Behavioral Risk
Factors Surveillance System (BRISS) and National 2009 HINI
Flu Survey (NHFS) data, as described previously [15]. Because
there is a lag during which persons mount a measurable immune
response following vaccination, we applied the vaccination
coverage estimate from 2 weeks prior to the date of specimen
collection. Using these data, we calculated an overall weighted
coverage estimate across states for each age group based on the
number of specimens collected per state each week.

Data and statistical analysis

The HI titer results were used to calculate the overall, state-
specific and age-specific prevalence of seropositivity against
AHINI)pdm09 among the pre-pandemic and 2009 specimens.
The increase in seroprevalence from baseline to December 2009
was calculated as the difference in the prevalence of seropositivity
to AHINI)pdmO09 between the 2009 and baseline sera. Because
there was insufficient power to calculate increased prevalence of
seropositivity stratified by both age and state, results of specimens
across states were pooled to calculate age-specific increases in the
prevalence of seropositivity from baseline to December 2009. In
addition, because so few specimens in the 2007-08 sample were
among children age <5 years, baseline results were not able to be
calculated for this age group. Based on other serologic studies of
HINI1pdm09, we assumed for further analyses that this age group
had no baseline seropositivity.

Estimating the population with natural infection

To estimate the cumulative incidence of infection in the US
population given the observed increase in seroprevalence in our
study population, we conducted a series of calculations using four
equations in a probabilistic analysis using Monte Carlo simula-
tions.

Adjusted increase in seroprevalence. Not all persons with
virologically-confirmed A(HINI1)pdm09 infection develop HI
antibody titers of =40. Results of a recent study demonstrated a
sensitivity of an HI cutoft =40 of 75% among early symptomatic
cases who sought outpatient care and had laboratory-confirmed
AHINI)pdmO09 infection; the corresponding specificity was 97%
among persons aged <60 years and 94% among persons aged 60+
years [14]. To adjust for the sensitivity and specificity of the HI
assay at detecting persons infected with A(HINI1)pdmO09, we
adjusted the increase in seroprevalence from baseline to December
2009 by age group (see additional detail in appendix S1):

Adjusted increase in seroprevalence =

[Increase in seroprevalence — (1-Specificity)]
[Sensitivity — (1-Specificity)]

Vaccine-related seropositivity. The increase in seropreva-
lence from baseline to 2009 resulted from both the serologic
response to infection with A(HINI)pdm09 and the vaccine-
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induced antibody response from A(HIN1)pdm09 vaccination. To
identify the contribution of A(HIN1)pdm09 vaccination, which
began nationwide in October 2009 and was increasing during the
study period, we used data on age-specific vaccine coverage (VC)
in the included states and data from published studies on the
proportion of individuals that made a serologic response (HI titer
=40) to vaccination with a 15 ug dose of monovalent, unadju-
vanted inactivated A(HIN1)pdm09 vaccine [16,17,18].

Vaccine — related seropositivity =

(VC) x (% with serologic response to vaccination)

Overlap in sources of seropositivity. A person may be
seropositive for three reasons — they had baseline cross-reactive
antibody prior to the pandemic, they were vaccinated with the
pandemic vaccine or they were infected with the pandemic virus.
These categories are not mutually exclusive, as some vaccinated
persons would have already had pre-existing cross-reactive
antibody titers at baseline. Additionally, because vaccine was not
widely available until after the peak of pandemic activity in the
United States and persons were encouraged to still be vaccinated
even if they thought they may have been ill, some vaccinated
persons were likely to have been infected with the pandemic virus
prior to receiving their vaccination. Because of this possible
overlap, if we simply discounted the increase in seropositivity in
2009 due to the entire vaccine coverage, we would underestimate
the amount of increase from natural infection.

Because we did not have individual-level data regarding the
vaccination status or baseline antibody levels of the persons in our
2009 serosurvey, the exact degree of overlap, or proportion of
vaccinated persons with prior seropositivity, is unknown. Howev-
er, we did identify a range of potential overlap. The minimum
overlap would occur if no vaccinated persons had been infected
with A(HIN1)pdmO9 prior to their vaccination, and thus the only
other possible source of seropositivity would be from baseline
cross-reactive antibody. We assumed that vaccination status would
not be influenced by whether or not someone had pre-existing
cross-reactive antibody, thus the minimum proportion of vacci-
nated persons with prior antibody would be the same as the
prevalence of baseline cross-reactive antibody. For example, if 8%
of the population had pre-existing cross-reactive antibody, we
assumed that 8% of those vaccinated would have also been
seropositive from baseline antibody prior to vaccination.

At a maximum, we assumed that vaccinated persons would not
be any more likely to have been infected or have pre-existing
antibody than the rest of the population. For example, if 20% of
the unvaccinated population was seropositive in December 2009,
we assumed that at most 20% of those vaccinated could have also
been seropositive prior to vaccination. Since we didn’t directly
measure seropositivity among the unvaccinated, we estimated it
for each age group. To calculate this value, we removed vaccine-
related seropositivity and calculated the remaining prevalence of
seropositivity (further explanation is found in appendix S1):

Maximum overlap
= Prior seropositivity in the unvaccinated

[2009 seropositivity — Vaccine-related seropositivity]
[1 —Vaccine-related seropositivity]
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Cumulative incidence. Finally, the estimated cumulative
incidence of infection in the population was calculated by
subtracting the vaccine-related seropositivity from the observed
increase in seropositivity and adding back the estimated propor-
tion of the overlap in the vaccinated population who may have

had prior seropositivity:

Cumulative incidence =
Increase in seropositivity — vaccine — related seropositivity

+ (overlap x vaccine — related seropositivity)

To consider the variability in the estimates used in these
calculations, the series of calculations described above were
performed by age group in a probabilistic analysis using Monte
Carlo simulations with 1,000 iterations. For values of baseline and
2009 seroprevalence and vaccine coverage, normal distributions
were fit to the point estimates and their standard error and values
were sampled at random from the distribution. Because there was
no additional data on the distribution of the overlap between
vaccination and prior seropositivity, we selected values at random
from a uniform distribution between the minimum and maximum
values described previously. All calculations were performed by
age group, with the median and 95% probability limits reported
based on the distribution of results from the Monte Carlo
simulations. All analyses were performed in SAS version 9.2
(SAS Institute, Cary, NC).

Results

A total of 1,142 baseline serum specimens were obtained from
the 2007-08 NHANES sera collection and 2,759 serum specimens
were obtained from laboratories in 10 states. The volumes of one
baseline and four 2009 specimens were not sufficient for HI testing
and were excluded. The 2009 specimens were collected from the
patients during December 14, 2009-January 15, 2010. Because it
may take approximately 2 weeks to mount a measurable immune
response following infection or vaccination, we assumed this
period of specimen collection corresponded to exposure as of
December 1-December 31, 2009. The peak of influenza-like
illness (ILI) activity from nationwide surveillance of sentinel
outpatient providers had occurred several weeks prior to the
collection of study specimens (Figure 1). During the period of sera
collection, ILI activity was low and still decreasing, while
A(HINT)pdmO09 vaccination coverage was increasing. ILI activity
by state for the 10 study states 1s included as a supplemental figure
(Figure S1).

The prevalence of seropositivity to A(HINI1)pdm09 among
baseline and 2009 serum specimens is presented in Table 1.
Because so few specimens in the 2007-08 sample were among
children age <5 years, baseline results were not presented for this
age group and were assumed to have no baseline cross-reactive
antibody. In addition, results from age groups 25-49 and 50-64
years were very similar for all analyses, thus these age groups were
combined to maintain sufficient precision. Figure 2 shows age-
standardized reverse cumulative distribution curves for the HI
titers of individuals included in the baseline and 2009 surveys. The
distribution of HI titers in the sampled populations was
substantially shifted upward for the 2009 specimens compared to
the baseline specimens.

With an HI titer cutoff of =40, the age-adjusted increase in
seroprevalence to A(HIN1)pdmO09 from baseline to December
2009 was 26% (95%CI: 24-29%), with the highest increase in
seroprevalence in those aged 517 years (55%, 95%CI: 48-61%).
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Figure 1. National trends in influenza-like illness (ILI) (solid line)* and coverage with A(H1N1)pdmO09 vaccine (dashed line)® in the
United States, and the period of sera collection. ? Source: U.S. Outpatient Influenza-like lliness Surveillance Network (ILINet). ® Source: CDC
estimates from combined Behavioral Risk Factors Surveillance System (BRFSS) and National 2009 H1N1 Flu Survey (NHFS) data.
doi:10.1371/journal.pone.0048187.g001

Table 1. Overall prevalence of seropositivity to A(HTN1)pdm09 at baseline and December 2009, by age group.
Baseline 2009
% positive® No. of % positive Difference above baseline
Age group No. of samples (95%Cl) samples (95%Cl) (95%Cl)
HI titer =40
<5 years 45 — 325 36.9 (31.7-42.2) 36.9 (31.7-42.2)°
5-17 years 273 9.5 (4.8-14.2) 500 62.2 (57.9-66.5) 52.7 (46.6-58.8)
18-24 years 95 18.5 (7.7-29.3) 454 44.7 (40.1-49.3) 26.2 (15.4-37.0)
25-64 yrs 511 6.8 (2.6-11.7) 963 26.2 (15.4-37.0) 19.6 (15.7-23.4)
65+ yrs 217 15.7 (8.3-23.1) 513 28.3 (24.4-32.2) 12.6 (4.7-20.4)
TOTAL® 1141 9.2 (7.1-11.3) 2755 35.4 (33.6-37.2) 26.2 (23.5-28.8)
HI titer =20
<5 years 45 — 325 41.2 (35.9-46.6) 41.2 (35.9-46.6)
5-17 years 273 15.2 (10.0-20.5) 500 69.8 (65.8-73.8) 54.6 (48.3-60.9)
18-24 years 95 27.5 (12.5-42.4) 454 55.3 (50.7-59.9) 27.8 (13.5-42.1)
25-64 yrs 511 14.3 (8.4-19.4) 963 35.1 (32.1-38.1) 20.8 (16.3-25.4)
65+ yrs 217 34.0 (24.9-43.0) 513 43.3 (39.0-47.6) 9.3 (0.1-18.7)
TOTAL® 1141 17.5 (15.8-19.1) 2755 44.6 (42.7-46.5) 27.1 (24.8-29.5)
Estimates were weighted using the adjusted sample weight for this sample, WTHIN1.
bAssuming no pre-existing seropositivity at baseline.
“Age-standardized to the U.S. Census Bureau population estimates as of July 1, 2009 by age groups in the table.
doi:10.1371/journal.pone.0048187.t001
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group.
doi:10.1371/journal.pone.0048187.9002

We also considered an HI titer cutoff’ of =20, which has been
shown to be more sensitive for AHINI)pdm09 infection [14],
however the increase from baseline was similar to that obtained
with a cut-off titer of =40. Thus all further calculations were
conducted using a seropositivity cutoff’ of =40, which has been
shown to be more specific for AHINIT)pdmO09 infection [14] and is
recognized as a predictor of influenza immunity in populations

[3,4].

When stratified by state, the seroprevalence among most states
in 2009 was noted to be similar to the overall seroprevalence of
35.4%. There was some geographic variation, notably lower levels
of seropositivity in Florida and higher levels in Utah (Figure 3). We
also include in Figure 3 the reported vaccine coverage by state
during the same time. Not all of the geographic variation in
seropositivity was associated with geographic differences in
AMHINI)pdm09 vaccine coverage (Pearson correlation coeffi-
cient=0.56, p=0.09).
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Figure 3. Geographic variation in prevalence of seropositivity to A(H1N1)pdmO09 in 2009 (circles) and the proportion of the
population reporting A(H1N1)pdmO09 vaccination (squares) during the same time period, by state with 95% confidence intervals.

Values are age-standardized to the US population.
doi:10.1371/journal.pone.0048187.g003
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To consider the impact of vaccination and baseline cross-
reactive antibody on the December 2009 seroprevalence for
AHIN1)pdmO09 and the sensitivity and specificity of the assay, the
December 2009 seroprevalence by age group was adjusted to
estimate the incidence of AHINI)pdmO09 infection in 2009.
Following adjustment, we estimated that the age-standardized
incidence of A(HINI)pdmO9 infection in the population was
20.2% (95%CI: 10.1-28.3%) by year-end 2009 (Table 2), with the
highest incidence among children aged 5-17 years (53.3%,
95%CI: 39.0-62.7%). If the aggregate age standardized incidence

infection with A(HTN1) pdm2009.

among the 10 sampled states were representative of the incidence
in the entire US population, an estimated total of 61.9 million
persons would have been infected in the United States (95%CI:
30.9-86.7) by vyear-end 2009. The estimated proportion of
seropositivity from baseline cross-reactive antibody, pandemic
vaccination, and natural infection in the population varied widely
between age groups (Figure 4).

Table 2. Vaccination and adjusted estimates of the increase in seropositivity from baseline to December 2009 due to natural

Vaccine Serologic response Estimated seropositivity due to Estimated incidence of natural
Coverage to vaccination vaccination alone® infection, 2009¢
% *+ SE % % 95% CI % 95% ClI
Total® - - 11.9 4.2-20.8 20.2 10.1-28.3

<5 yrs 29.6+9.3 70 12.8 4.4-22.7 34.2 22.6-45.6

5-17 yrs 253%58 97 15.0 6.7-26.4 53.3 39.0-67.1

18-24 yrs 10.9£7.7 97 6.1 —2.0-17.5 25.9 6.8-42.3

25-64 yrs 145+4.7 97 11.3 4.1-20.2 11.3 1.8-20.4

65+ yrs 11.2*4.6 80 7.0 1.0-13.6 1.9 —10.0-15.5

SE =Standard error, Cl = Confidence interval.
?Age-standardized to the US population.

doi:10.1371/journal.pone.0048187.t002
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bAdjusting for overlap from vaccination among people already infected with A(HTN1)pdm09. See methods for description of adjustment.
After adjusting for vaccination and assuming the following HI test characteristics: Sensitivity = 75%, Specificity = 97% (for ages <65) or 94% (for ages 65+).
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Discussion

We detected a high level of seropositivity to AHINI1)pdm09 in
the United States by December 2009, following the spring and fall
waves of the pandemic. Over one third of the sampled population
had HI antibody titers =40, a titer associated with reduced
susceptibility to influenza virus infection [3,4]. By December 2009
the population seropositivity was particularly high among school-
age children and young adults, with 62% and 45% among those
age groups having antibody titers =40, respectively. If these data
from these ten states are considered broadly representative of the
national experience, a substantial proportion of population
immunity to A(HIN1)pdm09 followed the second wave of the
pandemic in the United States.

When we adjusted for the sensitivity and specificity of the HI
assay, baseline cross-reactive antibody in the US population, and
AMHINI)pdm09 vaccine coverage in the included states, we
estimated that approximately 20% of the US population may have
been infected with A(HIN1)pdmO09 by year-end 2009, including
around half of school aged children and substantially fewer
persons aged =65 years. These findings are consistent with clinical
and epidemiologic data from 2009, which showed elevated rates of
AMHINT)pdm09 illness among children and frequent school
outbreaks during the pandemic with relatively low morbidity rates
among older adults [2]. Among persons aged =65, the higher
prevalence of baseline cross-reactive antibody and the limited
increase in seroprevalence observed by the end of 2009 support
conclusions about pre-existing protective immunity in older adults,
which may have resulted from exposure to HIN1 viruses earlier in
life. Interestingly, we also found a higher baseline prevalence of
seropositivity in young adults aged 18-24 years. The reasons for
this are unclear, though similar findings were seen in data from the
UK [10].

Several approaches have been used to estimate the incidence of
AMHINI)pdmO09 illness from clinical surveillance in the US,
England and Australia [19,20,21,22]. A prior CDC study
estimated that ~55 million illnesses had occurred in the US by
December 2009 [23], similar to our estimate of 59 million persons
with AHINI1)pdm09 infection by the same time. Disease burden
estimates from clinical surveillance may not fully capture milder
infections which do not meet a traditional ILI surveillance
definition, and thus can underestimate the true community
incidence of influenza as noted with serological surveys previously
conducted in the UK [10]. Additionally, asymptomatic influenza
infections would not be captured in estimates from clinical
surveillance, which have been observed in up to ~30% of those
infected [24,25,26]. By detecting laboratory-based evidence of past
infection, serological surveys complement the more timely
estimates from clinical surveillance and provide a fuller measure
of the disease burden of A(HIN1)pdmO9 virus infection in the
population over time.

Prior serosurveys following the second wave of the pandemic
have been conducted in several parts of the world, but only in
limited geographic regions of the United States — Pittsburgh,
Pennsylvania in November 2009 [27] and Tampa Bay, Florida in
December 2009 [28]. Both involved populations sampled from
different sources than our 2009 serosurvey and found results
similar to our seroprevalence estimates. The Pittsburgh investiga-
tors detected an overall seroprevalence against A(HIN1)pdm09 of
21% at the end of November 2009 while activity was still
decreasing and vaccination was increasing, compared to 39% one
month later in our study. The Tampa Bay investigators detected
an overall seroprevalence of 25% compared to 29% for Florida in
our serosurvey at approximately the same time. Internationally,
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other serosurveys were conducted at varying time points during
the pandemic with results demonstrating similar distributions of
infection by age group, notably the highest incidence in school-age
children and the lowest increase among the elderly
[5,10,29,30,31]. We did find higher estimates of infection in
school-age children than in similar serosurveys from other
countries, which ranged generally from 34-43% [32]. The reasons
for this difference are not entirely clear, as direct comparison from
study to study is difficult due to differences in sampling and design.
However, many of the large early outbreaks in the US were in
schools and summer camps [2] and the timing of the US fall wave
was associated with the start of the school year in August/
September [33], suggesting that perhaps some of our higher
estimate in children may be a real difference. In addition,
however, HINIpdm09 vaccine was also often administered
through school-based vaccination clinics, and our indirect method
of accounting for vaccination may not have captured the full
impact on our serologic results.

Although some A(HIN1)pdmO09 activity continued at low levels
during early 2010, no immediate third wave of A(HIN1)pdm09
activity was seen nationally during that time when influenza
activity usually peaks in the US. This may be partially explained
by the year-end 2009 prevalence of seropositivity detected across
age groups, which suggested a large third wave of predominantly
A(HIN1)pdmO09 infection would be unlikely. However, high levels
of seropositivity were likely not geographically homogenous. Even
within our sample we saw some geographic variability in
seroprevalence, as has also been seen in other countries [10,32].
Because of limitations in sample size, we pooled specimens across
geographic areas to estimate an average prevalence of seroposi-
tivity, though especially in some parts of the country many persons
likely remained susceptible to future infection. As was seen during
the 2010-11 influenza season, circulation of A(HINI1)pdmO09 did
continue in parts of the United States, with co-circulation of
influenza A/H3N2 and influenza B predominating in some
regions [34].

Our study was subject to some limitations. Our study consists of
two separate cross-sectional serosurveys involving serum collec-
tions before and after the pandemic waves to measure the increase
in population seropositivity, which is less precise than a serial
serosurvey involving multiple specimens from the same individu-
als. In addition, the 2009 sera were collected from remaining
specimens submitted for routine screening to clinical diagnostic
laboratories representing each of the included states. This has been
a common study design where random population samples of sera
are not readily available [32]. Nonetheless, it remains unclear how
the sample population may differ from the general US population
in probability of A(HIN1) pdm09 infection or vaccination, and
thus what biases could be present. Of note, results from other
countries’ serosurveys based on convenience samples of residual
sera did not differ substantially from those serosurveys using
systematic sampling from existing cohorts [35].

Finally, because we did not have information regarding
vaccination history from included individuals, we made adjust-
ments to the 2009 seroprevalence based on state-level
AMHINI)pdm09  vaccination  coverage.  Estimates  of
AHINT)pdm09 vaccination coverage were derived from surveys
of self-reported vaccination status. While the vaccine questions in
these national surveys have undergone cognitive testing, some
persons may have confused seasonal and A(HINI)pdm09
vaccinations, both of which were occurring in the fall of 2009. If
we overestimated A(HIN1)pdm09 vaccine coverage, we may have
underestimated the proportion of seropositivity resulting from
natural infection. Again, however, our estimates after adjustment
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for vaccination compare similarly to other countries such as New
Zealand and Australia that collected sera before vaccine was
widely available [5,32,36].

Estimates of influenza burden from clinical surveillance are
timely, but may not fully capture the burden of infection associated
with A(HIN1)pdm09 in the population. Serosurveys may compli-
ment these estimates by providing laboratory evidence of influenza
virus infection and immunity among populations to help better
characterize disease transmission and population immunity. We
found a high level of seropositivity to A(HIN1)pdm09 in the
United States by December 2009 after the spring and fall waves of
the pandemic, during which we estimated that approximately 20%
of the US population may have been infected with
A(HINT)pdm09, including around half of school-age children.
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