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Abstract
Annual estimates of the influenza disease burden provide information to evaluate programs

and allocate resources. We used a multiplier method with routine population-based surveil-

lance data on influenza hospitalization in the United States to correct for under-reporting

and estimate the burden of influenza for seasons after the 2009 pandemic. Five sites of the

Influenza Hospitalization Surveillance Network (FluSurv-NET) collected data on the fre-

quency and sensitivity of influenza testing during two seasons to estimate under-detection.

Population-based rates of influenza-associated hospitalization and Intensive Care Unit ad-

mission from 2010–2013 were extrapolated to the U.S. population from FluSurv-NET and

corrected for under-detection. Influenza deaths were calculated using a ratio of deaths to

hospitalizations. We estimated that influenza-related hospitalizations were under-detected

during 2010-11 by a factor of 2.1 (95%CI 1.7–2.9) for age< 18 years, 3.1 (2.4–4.5) for ages

18-64 years, and 5.2 (95%CI 3.8–8.3) for age 65+. Results were similar in 2011-12. Extrap-

olated estimates for 3 seasons from 2010–2013 included: 114,192–624,435 hospitaliza-

tions, 18,491–95,390 ICU admissions, and 4,915–27,174 deaths per year; 54–70% of

hospitalizations and 71–85% of deaths occurred among adults aged 65+. Influenza causes

a substantial disease burden in the U.S. that varies by age and season. Periodic estimation

of multipliers across multiple sites and age groups improves our understanding of influenza

detection in sentinel surveillance systems. Adjusting surveillance data using a multiplier

method is a relatively simple means to estimate the impact of influenza and the subsequent

value of interventions to prevent influenza.
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Introduction
Influenza results in a significant clinical and economic impact each year [1]. Accurate estimates
of the influenza disease burden provide public health officials with information to evaluate pro-
grams and allocate resources. Not every person who truly has influenza will seek medical care,
be tested for influenza, have a positive test, and therefore be reported through influenza surveil-
lance. Routinely available influenza diagnostic tests also vary in sensitivity. Thus, data collected
through influenza surveillance and case finding represent only a fraction of persons infected
with influenza.

The under-detection of influenza hospitalizations and deaths has traditionally been ac-
counted for using statistical methods to model excess morbidity and mortality attributable to
influenza using data from death certificates and medical encounters such as hospital discharge
records [2–4]. These methods have been widely used over the past few decades in the United
States (U.S.) and many other countries, but the data necessary to make estimates are often not
available for 2–3 years following an influenza season.

To provide more timely influenza disease burden estimates during the spring wave of the
2009 H1N1 pandemic, the Centers for Disease Control and Prevention (CDC) developed a
multiplier method to adjust case reports from state and local health departments in the U.S. for
factors leading to under-detection of influenza [5]. This method was later expanded to use rou-
tine population-based influenza hospitalization surveillance data to make estimates of the
number of influenza cases, hospitalizations, and deaths during the fall and winter pandemic
wave as the pandemic unfolded [6].

Following the 2009 pandemic, there was continued interest by CDC in using existing
population-based surveillance systems to provide estimates of the influenza disease burden
during influenza seasons. Using multipliers estimated during the heightened awareness of a
pandemic, however, may not accurately reflect non-pandemic seasons since influenza detec-
tion may differ during seasonal epidemics. To calculate multipliers that were more relevant to
post-pandemic seasons, we collected data on the frequency and sensitivity of influenza testing
during two seasons to correct for under-reporting in hospital surveillance. We used these data
to estimate the disease burden attributable to influenza for three consecutive seasons following
the 2009 pandemic.

Materials and Methods
We based our method for estimating the U.S. influenza disease burden on annual surveillance
data collected through the Influenza Hospitalization Surveillance Network (FluSurv-NET).
This network conducts population-based sentinel surveillance for laboratory-confirmed influ-
enza-associated hospitalizations from October to the following April in 13 geographically di-
verse surveillance areas across the U. S., covering approximately 9% of the country’s
population. Surveillance officers identify all laboratory-confirmed influenza hospitalizations
that occur among residents of the surveillance areas by monitoring 282 hospitals in 79 counties.
Data from all sites are combined to report weekly during the influenza season on the level of in-
fluenza-associated hospitalizations by age group in the United States.

Detection of influenza-associated hospitalizations
A patient is included in FluSurv-NET if he/she resides in the surveillance area and is admitted
to a hospital in the catchment area with laboratory confirmation of influenza virus infection.
Laboratory testing for influenza is ordered at the discretion of clinicians providing medical
care, and confirmation may include a positive result from viral culture, direct or indirect fluo-
rescent antibody (DFA/IFA), rapid antigen test (RAT), reverse transcription polymerase chain
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reaction (RT-PCR), or documentation of a positive test result in a patient’s medical record. Pa-
tients are identified through hospital laboratory and admission databases, infection control
logs, and hospital discharge data for patients with a documented positive influenza test.
Through medical record review, data are collected for each patient including demographic
characteristics, medical history, and clinical course and outcomes (e.g., admission to intensive
care unit, mechanical ventilation or death).

Because influenza testing in FluSurv-NET areas is performed at the discretion of the health-
care provider, a person hospitalized with influenza is only identified if s/he is tested for influen-
za and if the test correctly detects influenza. Patients with influenza are missed if they are not
tested for influenza or if the tests used are not perfectly sensitive. To determine an appropriate
multiplier to correct for under-detection of influenza hospitalizations, we collected additional
data to estimate (a) the probability that a person who was hospitalized with a respiratory infec-
tion would have been tested for influenza, and (b) the probability that a person who truly had
influenza would test positive for influenza (sensitivity of influenza testing).

To correct for under-detection of influenza hospitalizations we adjusted the reported rate of
hospitalization for each age group by the proportion of patients tested for influenza and the av-
erage sensitivity of influenza testing. The overall level of under-detection was summarized
using a multiplier that represents the expected number of true influenza hospitalizations per re-
ported hospitalization and was calculated as:

Multiplier ¼ 1

Frequency of influenza testing � Sensitivity of influenza testing

Correction for under-detection of influenza-associated hospitalizations
Data collection was performed in a sample of participating surveillance areas to assess influen-
za testing practices among hospitalized patients with respiratory infections. Five surveillance
areas (California, Colorado, NewMexico, New York, and Oregon) collected data during the pe-
riods December–April of the 2010–11 and 2011–12 seasons. The California surveillance area
contributed data as two separate sites; California site 1 included facilities belonging to a large
managed care organization that insures a large proportion of the surveillance population, while
California site 2 included all other facilities in the surveillance area in northern California. Pro-
tocols were reviewed by human subjects specialists at CDC and local sites and determined to
be public health surveillance and exempt from further IRB review. Patient information was de-
identified prior to analysis.

To identify eligible persons hospitalized with a respiratory illness, sites selected hospitals
that were representative of their catchment area and identified all patients who had been ad-
mitted with respiratory infection using a discharge audit of ICD-9 codes 466, 480–488. To de-
termine the probability that a person hospitalized with a respiratory infection would have been
tested for influenza, a stratified random sample of eligible patients per month by age group
(<18 years, 18–64 years, and 65+ years) was selected to review laboratory records and/or medi-
cal charts and identify whether patients were tested for influenza and if so, what type of test
was used. We analyzed data within age groups, but also examined whether there were other
factors associated with influenza testing including month during the season, disease severity, or
residual differences in finer age categories.

The sensitivity of influenza testing was calculated as a weighted average based on the distri-
bution of test types performed at each site. A representative sensitivity value was selected for
each test type from a review of the literature, with a lower estimate among persons aged 65+
based on studies that suggest lower sensitivity among older adults [7–9]: RAT (60% if age<65,
40% if age 65+), RT-PCR (90% if age<65, 85% if age 65+), Other (including culture or DFA/
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IFA); 70% if aged<65, 50% if age 65+). When multiple tests were performed for a single pa-
tient, the more sensitive test was used for all calculations.

To combine data across sites, simply pooling all observations into binomial estimates of
each parameter has limitations. Numerous site-level factors contribute to variation in estimates
from site to site, which can result in an incorrect summary estimate and its confidence interval.
The beta-binomial method has been shown to appropriately combine heterogeneous studies to
estimate summary frequencies [10]. The beta-binomial distribution is a binomial distribution
in which the probability of success at each trial is not fixed but random and follows the beta
distribution. For each season we applied beta-binomial models with maximum likelihood esti-
mation to obtain pooled proportions using the SAS macro BETABIN [11]. This macro uses the
SAS procedure NLMIXED to provide maximum likelihood estimates of the mean and standard
deviation from each fitted distribution. Detailed explanation of the statistical assumptions for
the beta-binomial model and the process of estimating the pooled proportions are described in
Young-Xu et al. [10].

Independent models were fitted to estimate the pooled proportion of patients tested for in-
fluenza and the test sensitivity, and were hierarchical by age group. The estimated distributions
for each parameter are shown in S1 Fig. The age-specific parameter estimates and their associ-
ated error were algebraically combined to calculate multipliers and 95% confidence intervals
for the 2010–11 and 2011–12 seasons. We also calculated a summary multiplier for each age
group following the same methods but using data from both seasons. Calculations were per-
formed in SAS version 9.3 (Cary, NC).

The ratio of deaths to hospitalizations
Data on the occurrence of death among hospitalized patients with influenza are captured in
FluSurv-NET by medical record review and finalized at the end of the season. We used these
data to calculate the risk of death among all influenza hospitalizations identified by age group
and season.

Not all persons who die with influenza are admitted to a hospital prior to their death, and
others may die after hospital discharge, thus hospital surveillance does not fully capture deaths
due to influenza in the catchment area. To estimate a more complete ratio of deaths to hospital-
izations, we also included data on the probability that a person with a respiratory infection
would die outside of a hospital admission. For this we used publically available mortality data
from the National Center for Health Statistics for the U.S. population in 2010 to identify the
deaths attributable to pneumonia and influenza (ICD-10 codes: J10-J18) and the proportion
that occurred while hospitalized vs. outside of a hospital admission (e.g., at home, on arrival, in
the emergency department, in hospice or long-term care facility).

The ratio of deaths to hospitalizations (D:H) represents the expected number of influenza
deaths relative to the number of influenza hospitalizations and was calculated algebraically for
each age group as:

D : H ¼ # reported deaths
# reported hospitalizations

� 1

% of deaths that occur in hospital

Estimating the influenza disease burden
Using an approach previously described in 2009 [6] and outlined in Fig. 1, we estimated the an-
nual influenza disease burden by age group (<18 years, 18–64 years, 65+ years) using a series
of age-specific parameters as described above: the rate of influenza hospitalization, the multi-
plier for under-detection (the probability of influenza testing and the sensitivity of influenza
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testing), the percent of influenza hospitalizations admitted to the ICU, and the ratio of deaths
to hospitalizations. First, we adjusted the reported annual hospitalization rates from FluSurv-
NET for three seasons from 2010–2013 using multipliers that included the probability of being
tested for influenza and the sensitivity of influenza testing. Season-specific data were used for
adjustments when available, and for the 2012–13 season summary data from the two measured
seasons were used. Rates of influenza mortality were calculated by multiplying the adjusted
rates of hospitalization by the ratio of deaths to hospitalizations. The rate of intensive care unit
(ICU) admissions was calculated by multiplying the adjusted rate of hospitalization by the per-
cent of hospitalized influenza patients admitted to the ICU per year in FluSurv-NET. The series
of calculations were done as algebraic combinations of the observed values of each individual
parameter and 95% confidence intervals were calculated by combining the associated uncer-
tainties from all included parameters.

Lastly, adjusted rates of influenza-associated hospitalization, ICU admissions, and death
and their 95% confidence intervals were applied to the annual U.S. population census estimates
by age group to estimate the number of influenza-associated hospitalizations for each season.
During the 2009 pandemic we also estimated the number of influenza illnesses in the popula-
tion using a ratio of cases to hospitalizations based on data about medical care seeking and
specimen collection, submission, and confirmation [5,6]. For the post-pandemic seasons, we
lacked data on non-hospitalized illnesses and did not estimate this number of influenza ill-
nesses in the population.

Results
From December 2010 through April 2011, sites reported data from medical records on influen-
za testing practices for 5,458 patients hospitalized with a respiratory infection (ICD-9 codes:
466, 480–488). Two sites’ data included all patients (California site 1, Oregon); other sites in-
cluded an age-stratified random sample of 60 charts per month. From December 2011 through
April 2012, sites reported data from chart review on influenza testing practices for 2,506 pa-
tients. One site included data for all patients (California site 1); other sites included an age-
stratified random sample of 60 charts per month.

Fig 1. General framework for estimating influenza disease burden in the U.S. population using FluSurv-NET hospital-based influenza surveillance
data.

doi:10.1371/journal.pone.0118369.g001
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The proportion of patients tested for influenza varied considerably by site and season but
generally decreased with age: 30–89% among children aged<18 years, 18–72% among younger
adults aged 18–64 years, and lowest at all sites among older adults aged 65+ years ranging 15–
50% (Fig. 2, S1). Testing did not further vary within age groups except among the younger
adults, with testing being less common among adults closer to age 65 years. There was some
variation in influenza testing by month (S2 Fig.). The median percent of patients tested for in-
fluenza across sites increased from 30% in December to 48% in March during 2010–11, and
from 32% in December to 42% in April during 2011–12, with greater variability among adults
than children. In a logistic regression model controlling for age and site, patients who died
were 0.71 (95% CI: 0.60–0.84) times as likely to have been tested for influenza as patients who
survived to discharge.

The sensitivity of influenza testing also varied between sites, depending on the mix of test
types performed. Rapid tests and RT-PCR were the most commonly performed tests overall,
though the distribution of test types varied substantially from site to site (Fig. 3). There was less
variation by age, though in several sites children were more likely to be tested with rapid tests
than adults. There are likely facility-level differences within a surveillance area; for example,
the California site belonging to a major managed care plan used exclusively RT-PCR testing,
while the other facilities in that area used predominantly rapid tests.

We combined the frequency and sensitivity of influenza testing from six sites to estimate a
multiplier for FluSurv-NET under-detection of 2.0–5.6, varying by season and age group, with
the highest magnitude of correction needed among adults aged 65+ years (Table 1). Multipliers
for individual sites ranged from a low of 1.2 among children in one site to a high of 10.8 among
older adults in another. For a given age group, there was less variability between seasons, and
the summary multiplier for each age group was similar when the two seasons were combined.

Across all FluSurv-NET sites, the risk of ICU admission among hospitalized patients with
influenza was relatively consistent between years and age groups, varying from 15–19%
(Table 2). The risk of death during influenza hospitalizations increased with age, from 0.2–
0.9% of children<18 years to 1.8–2.8% of younger adults 18–64 years, and 3.4–4.7% of older
adults 65+ years. Deaths among children were least likely to be captured by hospital-based sur-
veillance, with ~50% of death certificates for children with pneumonia & influenza indicating
that death occurred outside of a hospital admission, compared with ~25% of younger adults
and ~30% of older adults.

Applying our results to the U.S. population by age group for each of the three post-pandemic
seasons, we estimated 114,018–633,001 total hospitalizations, 18,476–96,667 ICU admissions,
and 4,866–27,810 deaths per season (Table 3). The three included seasons varied in the timing
and intensity of influenza activity (S2 Fig.) with the highest estimates seen for the 2012–13 season
and the lowest for the 2011–12 season. Because of the variability in influenza testing during the
season, we repeated our estimates with multipliers stratified by month (Table 1) and found little
difference in the estimated numbers of hospitalizations, ICU admissions, or deaths per season.

Older adults aged 65+ years accounted for 54–70% of hospitalizations and 73–85% of deaths
depending on the season, and had the highest rates of hospitalization (170–1,033 per 100,000
persons) and death (8.6–55 per 100,000). By comparison, children had lower rates of hospitali-
zation (14–57 per 100,000 persons) and especially death (0.26–1.1 per 100,000), followed by
younger adults (hospitalization: 17–74 per 100,000 persons; death: 0.6–1.7 per 100,000 persons).

Discussion
From the 2010–11 through 2012–13 seasons, we estimated that approximately 115,000–
630,000 influenza-associated hospitalizations, 18,000–96,000 ICU admissions, and 5,000–
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Fig 2. Proportion of patients tested for influenza (with binomial 95% confidence interval) by age group among hospitalized patients with a
respiratory infection* in six FluSurv-NET sites.

doi:10.1371/journal.pone.0118369.g002
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Fig 3. Distribution of influenza test types used and average sensitivity of influenza testing among hospitalized patients tested for influenza in six
FluSurv-NET sites.

doi:10.1371/journal.pone.0118369.g003
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27,000 deaths occurred in the U.S., depending on the season. These estimates are similar to pre-
viously published national estimates of 86,494–544,909 hospitalizations per year from the years
1979–2001[4] and 3,349–48,614 deaths per year from 1976–2007 [2] using models of excess in-
fluenza-associated morbidity and mortality. After accounting for the under-detection of influ-
enza, our estimates represented 2.0–5.6 times the level of influenza morbidity as reported by
influenza hospitalization surveillance. Under-detection of influenza varied substantially with
the patient’s age, highest among older adults, who were least likely to be tested for influenza
during hospitalization. The degree of under-detection also varied by site, up to ten times the
level of reported hospitalization in some sites for older adults, but was relatively stable between
the 2010–11 and 2011–12 influenza seasons.

There are practical limitations to influenza surveillance that often lead to detected cases
being the “tip of the iceberg”. For comparison, we previously estimated a multiplier during the
2009 pandemic of 2.7 times (range: 1.7–4.5) the number of influenza hospitalizations reported
to CDC, though we did not have sufficient data to stratify by age group [5]. Previous studies
found a similar degree of under-detection among children during two seasons prior to the

Table 1. Estimated multiplier for under-detection of influenza among hospitalized persons in FluSurv-NET.

<18 years 18–64 years 65+ years

2010–11 Estimated multiplier (95%CI) 2.1 (1.7–2.9) 3.1 (2.4–4.5) 5.2 (3.8–8.3)

Multiplier by site, range 1.3–4.7 1.6–5.0 2.2–11.6

Multiplier by month, range 1.9–2.4 2.4–4.7 3.3–7.8

2011–12 Estimated multiplier (95%CI) 2.0 (1.6–2.6) 3.3 (2.4–5.4) 5.6 (3.9–9.8)

Multiplier by site, range 1.2–3.1 1.7–7.9 2.4–10.8

Multiplier by month, range 1.8–2.0 2.8–3.6 3.9–6.6

Summary* Estimated multiplier (95%CI) 2.1 (1.8–2.6) 3.2 (2.6–4.3) 5.3 (4.1–7.8)

The multiplier represents the number of estimated true influenza hospitalizations per reported hospitalization.

*Summary multipliers were calculated using the same methods as 2010–11 and 2011–12 but using all the data from both seasons.

doi:10.1371/journal.pone.0118369.t001

Table 2. Risk of severe influenza-associated outcomes among persons hospitalized with influenza by season and age group.

Age group Risk ICU admission, if hospitalized* Risk of death, if hospitalized* % deaths in hospital** Ratio D:H (95% CI)***

<18 years 15.7% 0.3% 49.5% 0.006 (0.001–0.012)

2010–11 18–64 years 18.9% 2.8% 74.2% 0.037 (0.029–0.046)

65+ years 16.1% 4.7% 68.7% 0.068 (0.055–0.081)

<18 years 19.4% 0.2% 43.6% 0.005 (0.002–0.009)

2011–12 18–64 years 16.1% 2.8% 74.7% 0.038 (0.023–0.052)

65+ years 15.9% 3.4% 67.5% 0.050 (0.033–0.068)

<18 years 18.2% 0.9% 46.2% 0.020 (0.010–0.030)

2012–13 18–64 years 16.6% 1.8% 74.5% 0.024 (0.018–0.029)

65+ years 14.7% 3.6% 68.1% 0.053 (0.046–0.060)

* Calculated from FluSurv-NET surveillance data, all sites

**Among deaths coded as pneumonia, influenza, or acute lower respiratory tract infections in the 2010 and 2011 National Multiple Cause Mortality Files.

2012–13 is an average of the two years with available data.

*** Algebraic combination of the risk of death if hospitalized and the % of deaths that occur during a hospital admission. 95% confidence intervals were

calculated by combining the associated binary uncertainty of each parameter.

doi:10.1371/journal.pone.0118369.t002
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2009 pandemic, estimating that clinical laboratory-based influenza detection captured 38%
and 39% of pediatric influenza hospitalizations in one surveillance area [12,13]. These esti-
mates are both similar to our post-pandemic estimate among children, though data are lacking
on comparable estimates of the sensitivity of influenza surveillance among adults. While the
under-recognized burden of influenza has been better documented among children [14], we
found that adults, especially older adults, with influenza were even less likely to be identified
through surveillance.

Our method provides a straightforward approach to better characterize influenza disease
burden that could be done in a timely manner with routine surveillance data using only a few
additional pieces of data that can be measured during influenza seasons. In recent years, vari-
ous methods have been used to try to correct surveillance data for under-detection during in-
fluenza seasons [15], pandemics [16], and novel influenza events such as H3N2v in the United
States [17], and H7N9 in China [18]. These methods vary from simple multipliers to more
complex mathematical and statistical models depending on the context and available data.
Where possible, it will be important to compare and evaluate these methods in light of their
strengths and limitations. All of these methods, however, highlight the need to understand the
processes that determine how persons are identified by surveillance systems in order to appro-
priately adjust for the biases that may be present.

Table 3. Estimates of influenza disease burden in rates per 100,000 and number per U.S. population by age group and influenza season, United
States.

Rate (95% confidence interval) Number (95% confidence interval)

2010–11 2011–12 2012–13 2010–11 2011–12 2012–13

Hospitalizations <18 yrs 41.8 13.5 56.8 30,954 10,005 41,887

(31.0–52.6) (10.1–17.0) (45.8–67.9) (22,948–38,960) (7,433–12,578) (33,736–50,038)

18–64 yrs 43.7 17.1 73.8 85,183 33,589 145,331

(30.4–57.1) (10.3–23.9) (55.3–92.2) (59,249–111,117) (20,241–46,938) (109,040–181,622)

65+ yrs 335 170 1,033 135,626 70,423 445,783

(208–462) (96–245) (712–1,355) (84,297–186,954) (39,606–101,240) (307,023–584,544)

Total 81.4 36.6 202 251,763 114,018 633,001

(53.8–109) (21.6–51.6) (143–260) (166,494–337,031) (97,280–160,756) (449,789–816,204)

ICU <18 yrs 6.5 2.6 10.3 4,854 1,934 7,568

(4.7–8.4) (1.8–3.5) (8.0–12.5) (3,460–6,249) (1,316–2,552) (5,921–9,215)

18–64 yrs 8.2 2.7 12.2 16,038 5,392 24,001

(5.6–10.8) (1.6–3.9) (9.0–15.3) (10,988–21,089) (3,106–7,678) (17,788–30,214)

65+ yrs 53.9 27.0 151 21,826 11,151 65,098

(32.8–75.0) (14.5–39.4) (103–199) (13,286–30,365) (6,002–16,300) (44,449–85,747)

Total 13.8 5.9 30.8 42,718 18,476 96,667

(9.0–18.7) (3.3–8.5) (21.7–39.9) (27,733–57,703) (10,424–26,529) (68,157–125,176)

Deaths <18 yrs 0.26 0.07 1.1 190 52 841

(0.01–0.50) (0.02–0.12) (0.55–1.7) (10–369) (13–90) (404–1,279)

18–64 yrs 1.6 0.6 1.7 3,183 1,267 3,418

(1.0–2.3) (0.29–1.0) (1.2–2.3) (1,969–4,398) (571–1,963) (2,263–4,574)

65+ yrs 22.8 8.6 54.6 9,232 3,547 23,551

(13.1–32.5) (3.8–13.3) (36.2–73.0) (5,295–13,169) (1,580–5,514) (15,599–31,502)

Total 4.1 1.6 8.9 12,605 4,866 27,810

(2.4–5.8) (0.7–2.4) (5.9–12.1) (7,275–17,935) (2,164–7,567) (18,266–37,354)

doi:10.1371/journal.pone.0118369.t003
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The three included seasons varied substantially in timing and intensity, as well as the distri-
bution of influenza types and subtypes [19–21], with an over five-fold difference in estimated
influenza disease burden between a relatively mild season in 2011–12 and the more severe
2012–13 season. The substantial annual variation in influenza disease burden we estimated
over three seasons was consistent with all other surveillance indicators in the United States and
emphasizes the importance of having timely disease burden estimates during or shortly follow-
ing an influenza season to provide public health officials with information to evaluate annual
programs and allocate resources. Notably, our annual estimates of influenza disease burden are
used to estimate and communicate the population impact of the influenza vaccination program
in the U.S. [22,23]. The estimates previously relied on the multipliers calculated during the
pandemic, which were assumed to be constant across age groups and lower than we found
here, and therefore likely underestimated the influenza disease burden and number of out-
comes averted by vaccination.

Our analysis was subject to some limitations. First, we assumed that the probability of a per-
son with influenza being tested for influenza was the same as all persons with a respiratory ill-
ness. If physicians were more likely to recognize influenza patients clinically and select those
patients for testing, we may have over-estimated the magnitude of under-detection. Second, to
reduce complexity we estimated the average sensitivity of influenza testing using fixed values of
test sensitivity that were informed by the literature. There is variation across reports of test sen-
sitivity and sparse age-specific data, thus our estimates may not fully reflect the level of uncer-
tainty due to diagnostic test sensitivity. However, preliminary analysis indicated that the large
variation between sites in the proportion of rapid tests vs. RT-PCR seemed to have a larger in-
fluence on the overall uncertainty than the variability in individual test sensitivity.

Third, testing practices were assessed among persons who had ICD-9 codes that indicated
pneumonia or influenza as over 90% of patients identified in the surveillance system had an
ICD-9 discharge code of pneumonia or influenza. Persons with influenza can also have other
respiratory or circulatory complications [24] though only 3% of patients in this surveillance
system had no respiratory ICD-9 code. Our estimates of influenza-associated hospitalizations
and deaths thus represent those with a respiratory presentation and may underestimate the full
burden of severe influenza, especially among older adults, who may present with cardiovascu-
lar and other circulatory complications. Likewise, our estimate of deaths may also be underesti-
mated because we did not adjust for the finding that patients who died in the hospital were less
likely to have been tested for influenza than other hospitalized patients. Other methods, such
as statistical models of excess influenza mortality [3], will continue to also be used to estimate
influenza-related deaths in the U.S. for comparison, but this method allows for an interim esti-
mate of respiratory influenza deaths that may be available earlier in a season than other meth-
ods that rely on time series modeling. Finally, we applied the rates from FluSurv-NET to the
whole U.S. population to estimate national numbers of influenza-associated outcomes per year.
While the 13 states are geographically diverse, they cover ~9% of the U.S. population and tend
to be in more populous areas of their respective states and thus could have influenza rates that
differ from the rest of the U.S. population.

Population-based sentinel surveillance is a valuable tool for monitoring the annual disease
burden attributable to influenza around the world, but can be an underestimate. Data collected
in two post-pandemic seasons for multiple sites and age groups allow us to better characterize
influenza detection and reporting in the U.S. Periodic evaluation of this method is needed to
examine how detection probabilities may vary in future seasons and how often multipliers
should be recalculated. The multiplier method allows for a relatively simple means of correct-
ing and extrapolating surveillance data to estimate the annual influenza disease burden and
could be adapted to other countries that have population-based surveillance for severe
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influenza. Having timely estimates of the influenza disease burden in a population is important
for public health decision-making, and will continue to be needed in the U.S. to evaluate and
communicate the impact of influenza disease and possibilities for intervention, such as influen-
za vaccination, in the population.

Supporting Information
S1 Fig. Beta-binomial probability distributions of the summary proportion of patients test-
ed for influenza and sensitivity of influenza testing across six FluSurv-NET sites, by age
group and year.
(TIF)

S2 Fig. Proportion of patients tested for influenza by month and season among persons
hospitalized with respiratory infection across six FluSurv-NET sites.
(TIF)

S1 Table. Proportion of patients tested for influenza (with 95% confidence interval) among
hospitalized patients with a respiratory infection� in participating sites.
(DOCX)

S2 Table. Distribution of influenza test types used and average sensitivity of influenza test-
ing among hospitalized patients tested for influenza in five participating sites.
(DOCX)

Acknowledgments
The authors would like to thank the following additional persons for their contributions at
CDC and the participating FluSurv-NET sites: Tiffany D’Mello, Alejandro Perez, Michelle
Leon (CDC); Brittney Martin, MPH, (California); Ken Gershman, MD, MPH (Colorado);
Kathy Angeles, MPH, Sarah Khanlian, MPH, and Robert Mansmann, MPH (New Mexico);
Maria Gaitan and Christina Felsen, MPH (New York)

Author Contributions
Conceived and designed the experiments: CR SSC PDK DA EBH NMBMRL ATMIM LF JB.
Performed the experiments: PDK RE DA EBH LB GHMRL. Analyzed the data: CR SSC.
Wrote the paper: CR SSC PDK DA EBH NMBMRL ATMIM LF RE LB GH JB.

References
1. Molinari NA, Ortega-Sanchez IR, Messonnier ML, ThompsonWW,Wortley PM, et al. (2007) The annual

impact of seasonal influenza in the US: measuring disease burden and costs. Vaccine 25: 5086–5096.
PMID: 17544181

2. Centers for Disease Control and Prevention (2010) Estimates of deaths associated with seasonal influ-
enza—United States, 1976–2007. MMWR 59: 1057–1062. PMID: 20798667

3. ThompsonWW,Moore MR,Weintraub E, Cheng PY, Jin X, et al. (2009) Estimating influenza-associated
deaths in the United States. Am J Public Health 99 Suppl 2: S225–230.

4. ThompsonWW, Shay DK, Weintraub E, Brammer L, Bridges CB, et al. (2004) Influenza-associated
hospitalizations in the United States. JAMA 292: 1333–1340. PMID: 15367555

5. Reed C, Angulo FJ, Swerdlow DL, Lipsitch M, Meltzer MI, et al. (2009) Estimates of the prevalence of
pandemic (H1N1) 2009, United States, April-July 2009. Emerg Infect Dis 15: 2004–2007. doi: 10.3201/
eid1512.091413 PMID: 19961687

6. Shrestha SS, Swerdlow DL, Borse RH, Prabhu VS, Finelli L, et al. (2011) Estimating the burden of 2009
pandemic influenza A (H1N1) in the United States (April 2009-April 2010). Clin Infect Dis 52 Suppl 1:
S75–82. doi: 10.1093/cid/ciq012 PMID: 21342903

Estimating Influenza Disease Burden from Surveillance Data

PLOS ONE | DOI:10.1371/journal.pone.0118369 March 4, 2015 12 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118369.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118369.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118369.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118369.s004
http://www.ncbi.nlm.nih.gov/pubmed/17544181
http://www.ncbi.nlm.nih.gov/pubmed/20798667
http://www.ncbi.nlm.nih.gov/pubmed/15367555
http://dx.doi.org/10.3201/eid1512.091413
http://dx.doi.org/10.3201/eid1512.091413
http://www.ncbi.nlm.nih.gov/pubmed/19961687
http://dx.doi.org/10.1093/cid/ciq012
http://www.ncbi.nlm.nih.gov/pubmed/21342903


7. Chartrand C, Leeflang MM, Minion J, Brewer T, Pai M (2012) Accuracy of rapid influenza diagnostic
tests: a meta-analysis. Ann Intern Med 156: 500–511. doi: 10.7326/0003-4819-156-7-201204030-
00403 PMID: 22371850

8. Steininger C, Kundi M, Aberle SW, Aberle JH, Popow-Kraupp T (2002) Effectiveness of reverse tran-
scription-PCR, virus isolation, and enzyme-linked immunosorbent assay for diagnosis of influenza A
virus infection in different age groups. J Clin Microbiol 40: 2051–2056. PMID: 12037063

9. Talbot HK, Williams JV, Zhu Y, Poehling KA, Griffin MR, et al. (2010) Failure of routine diagnostic meth-
ods to detect influenza in hospitalized older adults. Infect Control Hosp Epidemiol 31: 683–688. doi: 10.
1086/653202 PMID: 20470035

10. Young-Xu Y, Chan KA (2008) Pooling overdispersed binomial data to estimate event rate. BMCMed
Res Methodol 8: 58. doi: 10.1186/1471-2288-8-58 PMID: 18713448

11. Wakeling I. SASMacro for fitting Beta-Binomial models; 2014. Available: http://www.qistats.co.uk/
BetaBinomial.html.

12. Grijalva CG, Craig AS, Dupont WD, Bridges CB, Schrag SJ, et al. (2006) Estimating influenza hospitali-
zations among children. Emerg Infect Dis 12: 103–109. PMID: 16494725

13. Grijalva CG, Weinberg GA, Bennett NM, Staat MA, Craig AS, et al. (2007) Estimating the undetected
burden of influenza hospitalizations in children. Epidemiol Infect 135: 951–958. PMID: 17156502

14. Poehling KA, Edwards KM, Weinberg GA, Szilagyi P, Staat MA, et al. (2006) The underrecognized bur-
den of influenza in young children. N Engl J Med 355: 31–40. PMID: 16822994

15. McDonald SA, Presanis AM, De Angelis D, van der HoekW, Hooiveld M, et al. (2014) An evidence syn-
thesis approach to estimating the incidence of seasonal influenza in the Netherlands. Influenza Other
Respir Viruses 8: 33–41. doi: 10.1111/irv.12201 PMID: 24209610

16. Presanis AM, De Angelis D, New York City Swine Flu Investigation T, Hagy A, Reed C, et al. (2009)
The severity of pandemic H1N1 influenza in the United States, from April to July 2009: a Bayesian anal-
ysis. PLoS Med 6: e1000207. doi: 10.1371/journal.pmed.1000207 PMID: 19997612

17. Biggerstaff M, Reed C, Epperson S, Jhung MA, Gambhir M, et al. (2013) Estimates of the number of
human infections with influenza A(H3N2) variant virus, United States, August 2011-April 2012. Clin In-
fect Dis 57 Suppl 1: S12–15. doi: 10.1093/cid/cit273 PMID: 23794726

18. Yu H, Cowling BJ, Feng L, Lau EH, Liao Q, et al. (2013) Human infection with avian influenza A H7N9
virus: an assessment of clinical severity. Lancet 382: 138–145. doi: 10.1016/S0140-6736(13)61207-6
PMID: 23803487

19. Centers for Disease Control and Prevention (2011) Update: influenza activity—United States, 2010–11
season, and composition of the 2011–12 influenza vaccine. MMWR 60: 705–712. PMID: 21637185

20. Centers for Disease Control and Prevention (2012) Update: influenza activity—United States, 2011–12
season and composition of the 2012–13 influenza vaccine. MMWR 61: 414–420. PMID: 22672977

21. Centers for Disease Control and Prevention (2013) Influenza activity—United States, 2012–13 season
and composition of the 2013–14 influenza vaccine. MMWR 62: 473–479. PMID: 23760189

22. Centers for Disease Control and Prevention (2013) Estimated influenza illnesses and hospitalizations
averted by influenza vaccination—United States, 2012–13 influenza season. MMWR 62: 997–1000.
PMID: 24336131

23. Kostova D, Reed C, Finelli L, Cheng PY, Gargiullo PM, et al. (2013) Influenza Illness and Hospitaliza-
tions Averted by Influenza Vaccination in the United States, 2005–2011. PLoS One 8: e66312. PMID:
23840439

24. ThompsonWW, Shay DK, Weintraub E, Brammer L, Cox N, et al. (2003) Mortality associated with influ-
enza and respiratory syncytial virus in the United States. JAMA 289: 179–186. PMID: 12517228

Estimating Influenza Disease Burden from Surveillance Data

PLOS ONE | DOI:10.1371/journal.pone.0118369 March 4, 2015 13 / 13

http://dx.doi.org/10.7326/0003-4819-156-7-201204030-00403
http://dx.doi.org/10.7326/0003-4819-156-7-201204030-00403
http://www.ncbi.nlm.nih.gov/pubmed/22371850
http://www.ncbi.nlm.nih.gov/pubmed/12037063
http://dx.doi.org/10.1086/653202
http://dx.doi.org/10.1086/653202
http://www.ncbi.nlm.nih.gov/pubmed/20470035
http://dx.doi.org/10.1186/1471-2288-8-58
http://www.ncbi.nlm.nih.gov/pubmed/18713448
http://www.qistats.co.uk/BetaBinomial.html
http://www.qistats.co.uk/BetaBinomial.html
http://www.ncbi.nlm.nih.gov/pubmed/16494725
http://www.ncbi.nlm.nih.gov/pubmed/17156502
http://www.ncbi.nlm.nih.gov/pubmed/16822994
http://dx.doi.org/10.1111/irv.12201
http://www.ncbi.nlm.nih.gov/pubmed/24209610
http://dx.doi.org/10.1371/journal.pmed.1000207
http://www.ncbi.nlm.nih.gov/pubmed/19997612
http://dx.doi.org/10.1093/cid/cit273
http://www.ncbi.nlm.nih.gov/pubmed/23794726
http://dx.doi.org/10.1016/S0140-6736(13)61207-6
http://www.ncbi.nlm.nih.gov/pubmed/23803487
http://www.ncbi.nlm.nih.gov/pubmed/21637185
http://www.ncbi.nlm.nih.gov/pubmed/22672977
http://www.ncbi.nlm.nih.gov/pubmed/23760189
http://www.ncbi.nlm.nih.gov/pubmed/24336131
http://www.ncbi.nlm.nih.gov/pubmed/23840439
http://www.ncbi.nlm.nih.gov/pubmed/12517228

