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Background. No studies have examined the effectiveness of influenza vaccine against intensive care unit (ICU)
admission associated with influenza virus infection among children.

Methods. In 2010–2011 and 2011–2012, children aged 6 months to 17 years admitted to 21 US pediatric inten-
sive care units (PICUs) with acute severe respiratory illness and testing positive for influenza were enrolled as cases;
children who tested negative were PICU controls. Community controls were children without an influenza-related
hospitalization, matched to cases by comorbidities and geographic region. Vaccine effectiveness was estimated with
logistic regression models.

Results. We analyzed data from 44 cases, 172 PICU controls, and 93 community controls. Eighteen percent
of cases, 31% of PICU controls, and 51% of community controls were fully vaccinated. Compared to unvaccinated
children, children who were fully vaccinated were 74% (95% CI, 19% to 91%) or 82% (95% CI, 23% to 96%) less likely
to be admitted to a PICU for influenza compared to PICU controls or community controls, respectively. Receipt of
1 dose of vaccine among children for whom 2 doses were recommended was not protective.

Conclusions. During the 2010–2011 and 2011–2012 US influenza seasons, influenza vaccination was associated
with a three-quarters reduction in the risk of life-threatening influenza illness in children.

Keywords. case-control studies; child; influenza vaccines; intensive care; respiratory failure; influenza infection.

One to 7 per 10 000 US children under the age of 18 years
are hospitalized with laboratory-confirmed influenza
each year [1–6]. Although most of these children require
only standard care, 4%–24% of children hospitalized
with influenza-related illness are admitted to an

intensive care unit (ICU) for life-threatening complica-
tions [1, 2, 4, 7–9]. Fifty to 60% of these children have
preexisting chronic medical conditions [10, 11].

Vaccination is the primary influenza prevention
strategy. Many studies have shown effectiveness of in-
fluenza vaccine against laboratory-confirmed sympto-
matic and medically attended outpatient influenza
illness among children [12–27], although estimates of
vaccine effectiveness (VE) vary by study and season,
and fewer data are available on effectiveness of inacti-
vated vaccine in children aged 6–23 months [28].
Hadler et al observed an 82% reduction in influenza
hospitalization among children aged 3–9 years, but
no reduction in influenza hospitalization among chil-
dren <3 years old from a single dose of monovalent
H1N1pdm influenza vaccine during the 2009 pandemic
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[29]. No studies to our knowledge have examined the protection
conferred by influenza vaccine against ICU admission or death
from influenza infection among children.

Since 2008, when the US Advisory Committee on Immuni-
zation Practices (ACIP) recommended that all children aged ≥6
months receive influenza vaccine annually [30], assessments of
influenza VE in US children have relied upon observational
studies, typically using a case-control design. These studies
are at substantial risk for confounding because characteristics
such as age, underlying health status, and geographic location
can affect both the likelihood of vaccination and the risk of de-
veloping disease. The aim of this study was to estimate the effect
of influenza vaccine in preventing life-threatening influenza
illness in children using methods designed to minimize this
potential confounding.

METHODS

We enrolled children aged 6 months through 17 years during
the 2010–2011 and 2011–2012 influenza seasons from 21 US
pediatric intensive care units (PICUs) participating in the Pedi-
atric Acute Lung Injury and Sepsis Investigators (PALISI) Net-
work [31]. Children admitted with acute severe respiratory
illness of ≤7 days duration who tested positive for influenza
by real-time reverse-transcription polymerase chain reaction
(RT-PCR) were classified as cases; admitted children who tested
negative for influenza were classified as PICU controls [32, 33].
A secondary group of community controls was created from a
matched sample of children who resided in the same geographic
area and had not experienced an influenza-associated hospital-
ization between September of the study year and the matched
case’s PICU admission date. The study was approved by insti-
tutional review boards at Abt Associates, Inc (Cambridge, MA),
the Centers for Disease Control and Prevention (CDC), and
each participating site.

Influenza Surveillance and Season Definition
Active recruitment began at each site when≥1 PICU patient with
laboratory-confirmed influenza infection was admitted and there
was evidence of widespread and increasing local influenza activ-
ity from state or local laboratories. Study enrollment ceased when
local influenza activity had declined and the proportion of study
specimens testing positive for influenza at the reference laborato-
ry fell below 15%. Initiation of enrollment ranged from week 2 to
week 10 in 2011 (mean, week 7) and from week 1 to week 13 in
2012 (mean, week 8). Outside active recruitment periods, only
patients testing positive for influenza from routine clinical testing
were approached for enrollment.

Enrollment of Cases and PICU Controls
During active recruitment, patients admitted for intensive care
were screened using criteria in Table 1. Children admitted to the

ICU for <24 hours (during the week) or <48 hours (on week-
ends) were not enrolled. Patients with rare respiratory condi-
tions for whom it would be difficult to find a matched
community control were excluded.

After consent was obtained, the parent/guardian provided
the patient’s influenza vaccination history, demographic charac-
teristics, and date of illness onset. Samples were collected for in-
fluenza testing with flocked nasopharyngeal swabs (Copan
Diagnostics, Murietta, CA) using a standardized technique. En-
dotracheal and nasopharyngeal aspirates (using the N-Pak Sy-
ringe Aspiration Kit; M-Pro, Annandale, MN) were collected
from intubated and nonintubated patients, respectively. Hospi-
tal course, laboratory results, and outcomes were obtained from
manual medical record abstraction.

Respiratory samples were placed in viral transport medium,
frozen at −80°C, and shipped on dry ice to the reference labo-
ratory. Specimens were tested for influenza virus using RT-PCR
performed by the Marshfield Clinic Research Foundation
(Marshfield, WI) using primers, probes, and reagents supplied
by CDC and methods described elsewhere [34]. RT-PCR results
were not used for clinical decisions.

Enrollment of Community Controls
Our goal in selecting community controls was to identify chil-
dren similar to cases in terms of influenza exposure risk and un-
derlying risk for developing influenza-related critical illness. To
approximate exposure risk, community controls were matched
by geographic region and enrolled as possible within 30 days of
enrollment of the matched case.

Matching by underlying risk for developing severe influenza
was based on the presence of chronic medical conditions (clas-
sified into three influenza risk categories as described in the
Supplement) and five age categories: infant (180–364 days),
toddler (1 year to <3 years), preschool (3–5 years), school age
child (6–12 years), and adolescent (13–17 years). Potential con-
trol subjects were drawn from the population of children who
received inpatient or outpatient care at facilities affiliated with
each site during the preceding two years. Letters were sent to
families with study information and an opportunity to opt
out of the pool of candidate controls. After identification of a
case, 8 potential controls from the case’s corresponding age
and influenza risk categories were randomly selected and se-
quentially contacted by telephone until 2 controls were enrolled.
At 5 sites, modified community control recruitment methods
were used as described in the Supplement. A structured inter-
view assessed demographic, medical, and influenza vaccination
information from consented parents/guardians.

Influenza Vaccination Status
We classified children as fully or partially vaccinated based on
contemporaneous ACIP recommendations. For 2010–2011,
the number of doses required to be fully vaccinated was
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determined by the algorithm in Supplementary Figure 1 [35].
For 2011–2012, a child ≥9 years old was considered fully vac-
cinated if the child received 1 dose of vaccine >14 days prior to
onset. A child <9 years old was considered fully vaccinated if
the child (a) received 2 doses ≥28 days apart and >14 days
prior to onset or (b) received at least 1 dose >14 days prior
to onset and ≥1 dose of seasonal vaccine in the previous season
[36]. A child who received 2 doses <28 days apart with at least 1
dose >14 days prior to onset was considered partially vaccinat-
ed. Vaccination status in community controls was ascertained
in relation to the matched case’s date of illness onset. We con-
tacted each vaccine provider that had administered influenza
vaccine to the child to obtain and manually review medical re-
cords for vaccine verification. Vaccination status was also ob-
tained by manual review of state/local immunization registries.
Due to incomplete access to medical records for community
controls, parental report of vaccination was used for the

comparison of cases to community controls. Although an al-
ternative would have been to limit community controls to
those with verified vaccine status, those controls differed
from controls without verified vaccine status, and using this
subset would tend to bias VE upwards.

Statistical Analysis
Cases were compared with PICU controls using an uncondi-
tional logistic regression model. Cases were compared with
community controls using conditional logistic regression
with strata defined by matched cases and controls. Models in-
cluded as few covariates as possible to preserve statistical power
while controlling confounding. A variable whose exclusion re-
sulted in ≥10% change in adjusted VE was considered a con-
founder. If several similar variables were available, the most
parsimonious variable that maintained control of confounding
was used.

Table 1. Study Inclusion and Exclusion Criteria

Inclusion Criteria Exclusion Criteria

ICU Enrollees

1. Age 6 mo through 17 y
2. Residence within site’s geographic catchment area
3. Admission to an ICU with the capability to provide mechanical

ventilator support
4. Symptomatic for acute severe viral infection by at least one of the

following:
• Lower respiratory tract infection as evidenced by any of the

following: hypoxia, hypercarbia, infiltrates on chest radiograph,
respiratory failure, respiratory insufficiency or severe distress,
tachypnea, or retractions

• Shock requiring vasoactive agents (dopamine, dobutamine,
epinephrine, norepinephrine, phenylephrine) and receiving
antibiotics due to clinical suspicion of infection

• Central nervous system dysfunction (altered mental status or
clinical suspicion of meningitis, encephalitis, or encephalopathy)
plus fever (temperature ≥38°C) and cough or sore throat

• Acute increase in respiratory support, including any of the
following:
○ Continuous intravenous (IV) or inhaled beta-agonist therapy

for severe bronchospasm
○ Mechanical ventilator support via a mask, endotracheal tube

or tracheostomy tube
○ High-flow nasal cannula oxygen support

5. Parent or legal guardian able and willing to provide permission
6. Parent or legal guardian can complete interview and consent

process in English or Spanish

1. Inability to consent parent/guardian and collect respiratory
specimen for RT-PCR testing within 7 d of illness onset

2. In ICU for <24 h, or if admitted on the weekend, patient was
discharged from ICU before Monday morning

3. Nosocomial-acquired infection as determined at the study site by
infection control group

4. Neuromuscular disease requiring chronic mechanical ventilator
support through a mask or tracheostomy for neuromuscular
weakness

5. Chronic mechanical ventilator support through a tracheostomy
for chronic respiratory failure

6. End-stage lung disease being evaluated or awaiting lung
transplant

7. Evidence of current pregnancy from clinical management or
other documentation

Community Controls

1. Age 6 mo through 17 y
2. Reside within site’s geographic catchment area
3. Parent or legal guardian able and willing to provide permission
4. Parent or legal guardian can complete interview and consent

process in English or Spanish
5. Received medical services at the PALISI site or an affiliated clinic

within past 24 mo

1. Overnight hospital stay or hospital admission for confirmed or
probable influenza between 1 September 2010 (year 1) or 1
September 2011 (year 2) and admission date for the reference
case

2. Underlying medical condition requiring chronic mechanical
ventilator support

3. End-stage lung disease being evaluated for or awaiting lung
transplant

4. Pregnancy (parent-reported)
5. Child is in custody of the State

Abbreviations: ICU, intensive care unit; PALISI, pediatric acute lung injury and sepsis investigators; RT-PCR, reverse-transcription polymerase chain reaction.
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The regression model used to compare cases to PICU con-
trols included the natural log of age in months, gender, time
of illness onset (pre-, peak, or post-peak influenza period), re-
ported contact with a person with suspected or confirmed influ-
enza, history of moderate to severe respiratory disorders
(excluding mild asthma), history of cardiac disorders, illness se-
verity on admission (PRISM Score [37]), days between illness
onset and influenza testing, and a dichotomous variable indicat-
ing if enrollment occurred outside active recruitment. We ad-
justed for geographic area by including site as a random
effect. Peak influenza period was defined as ranging from the
25th to 75th percentiles of case onset date. Pre- and post-influenza
periods were defined as earlier than the 25th or later than the
75th percentile of case onset date, respectively. The Pediatric
Risk of Mortality III (PRISM III) is a validated pediatric phys-
iology score used to describe patient illness severity in the first
24 hours of admission to an intensive care unit and is calculated
using the most abnormal values from 17 physiologic variables.

The conditional logistic regression analysis used to compare
cases to community controls was matched by age, influenza risk
category, and geographic area. Covariates included gender, race,
and presence of ≥3 chronic health conditions. Although we
aimed for consistency between the PICU and community con-
trol analyses, the models differed because the control groups
differed. Unlike PICU controls, community controls were
much less likely than cases to have multiple underlying con-
ditions, and it was necessary to control for multiplicity of
conditions in that model. Race was not a confounder in the
PICU analysis and was eliminated from that model. Season
was not a significant confounder in either analysis. VE was cal-
culated as (1 minus the adjusted odds ratio) × 100%. Analyses
were conducted in SAS v9.3 (Cary, NC, USA).

RESULTS

Over 8000 PICU admissions from 21 participating PICUs
(Figure 1) were screened for eligibility. Of 428 eligible patients,
223 (52%) were enrolled. Of these, 7 observations were excluded:
6 due to unverified vaccine status and 1 due to indeterminate RT-
PCR results, leaving 216 observations. Of these, 44 were influen-
za-positive cases and 172 were influenza-negative controls. Of
eligible PICU patients not enrolled, 84% did not enroll because
of refusal by the parent/guardian, child or physician, and 16%
for other reasons. Of 5261 individuals identified as potential
community controls, 232 (4%) chose to opt out of the pool of
candidate controls after receiving introductory letters. Of 310
candidate community controls matched to a case and success-
fully contacted, 63 were ineligible, 144 had parents/guardians
who refused to participate or withdrew before interview com-
pletion, and 103 (33%) were enrolled. We excluded 8 community
controls with unknown vaccination status and 2 community con-
trols without matched cases, leaving 44 cases, 172 PICU controls,
and 93 community controls in the final analyses.

The median age of cases and PICU controls was 4.3 and 3.0
years, respectively (P = .07). Compared with PICU controls,
cases were more likely to be male (P = .03; Table 2). Fifty-five
percent of cases and 69% of PICU controls had at least 1 under-
lying chronic medical condition, with respiratory and neuro-
muscular disorders the most common. PICU controls were
more likely than cases to have moderate or severe respiratory
conditions (P = .02) and disorders involving an aspiration risk
(P = .04). PICU controls were less likely than cases to have
chronic cardiac conditions (P = .03).

Compared with cases, community controls were less likely to
be white (P = .04). Despite matching by influenza risk category,

Figure 1. Map of participating pediatric intensive care units.

Vaccine for Severe Pediatric Influenza • JID 2014:210 (1 September) • 677

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/210/5/674/2908613 by guest on 10 April 2024



community controls were less likely than cases to have neuro-
muscular (P < .001) or metabolic/genetic disorders (P = .02)
and far less likely to have more than 1 underlying chronic con-
dition (12% vs 30%, P = .005). Median duration between case
and matched community control enrollment was 21 days
(range, 0–146 days).

Regarding overall vaccination coverage among study enroll-
ees, 62 (29%) of PICU enrollees and 47 (51%) of community
controls were fully vaccinated. Rates of full vaccination among
study enrollees with ≥1 chronic condition known to elevate risk
of serious influenza complications were 37% and 61% for PICU
enrollees and community controls, respectively. Among the 34
PICU enrollees categorized as partially vaccinated, 29 (85%) re-
ceived 1 of 2 recommended doses of vaccine and 5 (15%) re-
ceived 2 doses <28 days apart.

Parents of PICU enrollees reported greater levels of full vac-
cination than were verified: 27% of cases and 32% of PICU con-
trols with parental report of full vaccination did not have
evidence of full vaccination in medical records or state immu-
nization registries. Due to incomplete access to medical records
for community controls, the analogous rates among community
controls are unknown.

A summary of clinical course and outcomes is shown in
Table 3. A noninfluenza pathogen was identified in 61% of
PICU controls; 76 PICU enrollees had RT-PCR-confirmed re-
spiratory syncytial virus (RSV) infection. Compared with PICU
controls, cases had greater illness severity on admission (PRISM
scores) and greater frequency of acute lung injury, respiratory
failure requiring invasive mechanical ventilator support, septic
shock requiring vasopressors, use of most rescue therapies, and
mortality (9.1% of cases vs 1.9% of PICU controls, P = .03).

Circulating and Vaccine Influenza Strains
In both study years, the Northern Hemisphere influenza vaccine
included A/California/7/2009(H1N1)-like virus, A/Perth/16/
2009(H3N2)-like virus, and B/Brisbane/60/2008-like virus
strains [38]. In 2010–2011, circulating influenza strains were an-
tigenically similar to vaccine strains [39]; in 2011–2012, there
was minor antigenic drift in circulating A(H3N2) viruses
[40]. Of our cases, 72% and 28% had influenza A and B infec-
tion, respectively. Of influenza A infections, approximately half
were influenza A(H3N2), consistent with national patterns.

Vaccine Effectiveness
In the comparison of cases to PICU controls, estimated adjusted
effectiveness of full influenza vaccination was 74% (95% CI,
19% to 91%) in preventing PICU admission for RT-PCR-
confirmed influenza illness (Table 4). We found no protective
benefit from partial vaccination (VE = −6% [95% CI, −243%
to 67%]). We observed no interaction between vaccination sta-
tus and age, although statistical power to find an interaction was
limited. Comparing cases to community controls, we found an

Table 2. Characteristics of the Pediatric Intensive Care Unit
(PICU) Influenza Positive Cases, PICU Influenza Negative
Controls, and Community Controls

PICU
Cases
(n = 44)

PICU
Controls
(n = 172)

Community
Controls
(n = 93)

Female, N (%) 14 (32) 87 (51)** 40 (43)

Age, median (IQR), mo 51 (33–92) 36 (15–79)* 54 (22–113)

Age group, N (%)

6 to <24 mo 10 (23) 65 (38) 25 (27)

24 to <60 mo 14 (32) 49 (28) 25 (27)

5 to <9 yr 11 (25) 27 (16) 17 (18)

≥9 yr 9 (20) 31 (18) 26 (28)

Hispanic ethnicity,
N (%)

9 (20) 53 (31) 26 (28)

White race, N (%) 31 (70) 119 (69) 50 (54)**

Season, N (%)

2010–2011 30 (68) 87 (51)** 71 (76)

2011–2012 14 (32) 85 (49) 22 (23)

Preexisting risk for complications of influenza infection, N (%)a

Low to average risk 20 (45) 58 (34) 43 (46)

Moderate risk 9 (20) 26 (15) 17 (18)

High risk 15 (34) 88 (51) 33 (35)

Chronic underlying health conditions, N (%)

Any respiratory 17 (39) 93 (54)* 27 (29)

Any asthma 12 (27) 58 (34) 16 (17)

Mild asthma only 5 (11) 15 (9) 4 (4)

Moderate or severe
respiratory

10 (23) 71 (41)** 21 (23)

Cardiac 6 (14) 8 (5)** 7 (8)

Neuromuscular 16 (36) 60 (35) 8 (9)***

Metabolic/genetic 6 (16) 23 (13) 4 (4)**

Renal 1 (2) 1 (1) 2 (2)

Immunologic 0 (0) 4 (2) 5 (5)

Diabetes 0 (0) 3 (2) 4 (4)

Aspiration risk 4 (9) 39 (23)** NA

≥2 conditions 13 (30) 61 (35) 11 (12)***

≥3 conditions 8 (20) 37 (22) 3 (3)***

Influenza vaccination status by parental report, N (%)

Full 11 (25) 79 (46)** 47 (51)**

Partial 12 (28) 24 (14) 15 (16)

None 20 (45) 61 (35) 31 (33)

Don’t know/missing 1 (2) 8 (5) 0 (0)

Verified influenza vaccination status, N (%)

Full 8 (18) 54 (31) NA

Partial 6 (14) 28 (16) NA

None 30 (68) 90 (52) NA

Abbreviations: IQR, interquartile range; SE, standard error.

*P < .10, **P < .05, ***P < .01 for test of difference between cases and
controls using chi-square test of heterogeneity for R × 2 contingency table
for categorical variables or ANOVA F test for continuous variables,
transformed as needed; Fisher’s exact test was used for comparisons with
cell counts <5.
a As defined by the authors’ risk categorization scheme described in
Supplementary Section 1.
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estimated adjusted vaccine effectiveness for full vaccination
(compared to none) of 82% (95% CI, 23% to 96%) and no ben-
efit from partial vaccination (VE = −79% [95% CI, −541% to
50%]) (Table 5).

Sensitivity Analyses
For the comparison of cases to PICU controls, we explored
various health-related variables to control for underlying health
conditions; results were similar to those above. In a model that
did not adjust for any underlying health conditions, VE was
69% (95% CI, 12% to 89%). In a model that excluded the 5 sub-
jects enrolled outside the period of active recruitment, VE for
full vaccination was 76% (95% CI, 20% to 92%).

For the comparison of cases to community controls, when re-
stricting the case-control pairs to those in which controls were
enrolled within 45 days after the case, adjusted VE was 88%
(95% CI, 12% to 98%). Community controls were much less like-
ly than cases to have multiple underlying conditions. In a model
that did not adjust for multiple chronic conditions, adjusted VE
for full vaccination was 62% despite matching controls to cases
on influenza risk category (Supplementary Table 3).

We examined effectiveness of influenza vaccine against RSV
infection as an indicator of potential bias in our VE estimates.
We observed no significant association between full (OR=1.4;
95% CI, .61 to 3.20, P = .42) or partial (OR= 1.33, 95% CI, .52
to 3.42; P = .55) influenza vaccination and RSV infection.

Table 3. Pediatric Intensive Care Unit (PICU) Course and Clinical Outcomes of Influenza Cases and PICU Controls

PICU Cases
(n = 44)

PICU Controls
(n = 172) P Valuea

Reported contact with a person with suspected or confirmed
influenza, N (%)

22 (50) 50 (29) .01

Days from symptom onset to enrollment, mean (SE) 4.3 (0.25) 3.7 (0.13) .04

Admission illness severity (PRISM III), mean (med) 17.2 (15) 14.7 (15) .02
Noninfluenza bacterial or viral pathogenic organism identified in first 72 h 16 (36.4) 106 (61.6) .004

Severe complications, N (%)

Pneumothorax, effusion, or requiring a chest tube 13 (29.5) 24 (14) .02
Severe bronchospasm 6 (13.6) 40 (23.3) .22

Acute Lung Injury/ARDS 10 (22.7) 10 (5.8) .002

Shock requiring vasopressorsb 10 (22.7) 13 (7.6) .01
Treatments, N (%)

Received any antiviral agents 39 (88.6) 42 (24.4) <.001

Received anti-influenza antiviral agentsc 39 (88.6) 39 (22.7) <.001
Mechanical ventilator support 32 (72.7) 115 (66.9) .59

Noninvasive mechanical ventilator support only 6 (18.8) 49 (42.6) .01

Invasive mechanical ventilator support 26 (81.3) 66 (57.4) .01
High frequency ventilation 3 (11.5) 3 (4.5) .36

Steroids for any reason 32 (72.7) 101 (58.7) .12

Stress dose (hypotension/adrenal suppression) 4 (12.5) 6 (5.9) .25
Daily for pulmonary inflammation 21 (65.6) 83 (82.2) .08

Rescue therapies, N (%)

Nitric oxide 5 (11.4) 2 (1.2) .004
Endotracheal surfactant 2 (4.5) 1 (0.6) .11

Dialysis or hemofiltration 3 (6.8) 1 (0.6) .03

Extracorporeal membrane oxygenation (ECMO) 3 (6.8) 1 (0.6) .03
Discharge disposition, N (%)

Died 4 (9.1) 3 (1.7) .03

Survived 40 (90.9) 169 (98.3)
Discharged to home 37 (92.5) 159 (94.1)

Transferred to other acute care facility 0 (0) 5 (3)

Transferred to rehab/chronic care facility 2 (5) 4 (2.4)
Hospitalized at the end of data collection 1 (2.5) 1 (0.6)

a Fisher exact test (2-sided).
b 22.7% of cases and 6.4% of PICU controls received vasoactive infusions on admission day.
c 97.4% of cases and 100% of PICU controls who received anti- influenza antiviral agents received oseltamivir (Tamiflu).
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DISCUSSION

We assessed the effectiveness of influenza vaccination during the
2010–2011 and 2011–2012 US influenza seasons using a case-
control study with 2 control groups. This study found that influ-
enza vaccination was associated with a three-quarters reduction
in the risk of life-threatening influenza illness in children. Our
study also showed low influenza vaccine coverage; although
34% of children admitted to the PICU in our study had under-
lying conditions known to increase the risk of serious influenza
complications, only 37% of these children (18% of cases and 39%
of PICU controls) were fully vaccinated against influenza.

To our knowledge, this study is the first to specifically
estimate VE against life-threatening outcomes of influenza

infection in children. Two previous studies in children have
assessed VE against seasonal influenza hospitalization or emer-
gency department visits: In a 2005–2006 test-negative case-
control study, Staat et al [16] reported VE of 67% (95% CI,
−48% to 92%) against hospitalization with laboratory-confirmed
influenza among US children aged 6 to 59 months. Using a
similar design, Kelly et al [26] reported VE of 51% (95% CI,
−21% to 80%) against laboratory-confirmed influenza-associated
emergency department visits among Australian children in
2008. In addition, Castilla et al [41] recently reported VE of
89% against severe influenza illness in a study that included
125 children and 566 adults hospitalized with RT-PCR-confirmed
influenza; however, they did not present a VE estimate for
the pediatric subsample. Our observed VE is similar to that

Table 4. Regression Model Results and Vaccine Effectiveness Based on Comparison of Cases and PICU Controls (n = 44 Cases, 172 PICU
Controls)

Odds Ratio
(95% CI) P Value

Vaccine Effectiveness
(95% CI)

Full vaccination 0.26 (.09 to .81) .02 74% (19% to 91%)
Partial vaccination 1.06 (.33 to 3.43) .93 −6% (−243 to 67%)

No vaccination Ref

Female 0.31 (.13 to .75) .01
Log of age (mo) 1.76 (1.13 to 2.74) .01

History of moderate to severe chronic respiratory disorder 0.25 (.09 to .70) .01

History of cardiac disorder 8.64 (1.72 to 43.5) .01
Pre-influenza peak 0.79 (.26 to 2.42) .68

Peak influenza period Ref

Post-influenza peak 0.69 (.24 to 11.4) .50
Enrollment outside active recruitment period 3.09 (.32 to 30.3) .33

Days between onset and RT-PCR influenza testing 1.37 (1.07 to 1.77) .01

PRISM score (severity of illness at PICU admission) 1.08 (1.01 to 1.15) .02
Contact with a person with confirmed or suspected influenza 4.48 (1.76 to 11.4) .002

Season and racewere not independent predictors of influenza positivity or confounders of the relationship between vaccination and influenza positivity and therefore
were eliminated from the final model. Vaccination status was confirmed by medical record or immunization registry for cases and PICU controls.

Abbreviations: CI, confidence interval; PICU, pediatric intensive care unit; Ref, reference group; RT-PCR, reverse-transcription polymerase chain reaction.

Table 5. Regression Model Results and Vaccine Effectiveness Based on Comparison of Cases and Community Controls (n = 44 Cases, 93
Community Controls)

Odds Ratio (95% CI) P Value Vaccine Effectiveness (95% CI)

Full vaccination 0.18 (.04 to .77) .02 82% (23% to 96%)

Partial vaccination 1.79 (.50 to 6.41) .37 −79% (−541% to 50%)

No vaccination Ref
Female 0.33 (.12 to .90) .03

White race 4.27 (1.22 to 15.0) .02

≥3 chronic health conditions 24.6 (3.81 to 158.7) .0008

From a conditional logistic regression model with cases and controls matched by age group, geographic area, and influenza risk category. Vaccination status was
based on parental report for both cases and controls.

Abbreviations: CI, confidence interval; Ref, reference group.
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observed against influenza-associated hospitalization in US
children aged 3 to 9 years during the 2009 influenza pandemic
[29] , and our finding that partial influenza vaccination was not
protective is consistent with many studies of influenza VE in
children [14–18].

Children with underlying health conditions are both more
likely to be vaccinated and more likely to have severe com-
plications of influenza. Unless adequately controlled for, this
‘unhealthy vaccinee’ bias tends to falsely lower VE. We con-
fronted this problem by using two sets of controls: PICU con-
trols, who presumably are more similar to cases regarding
unmeasured potential confounders that increase the likelihood
of ICU admission given a severe lower respiratory tract
infection, and community controls matched to cases based on
underlying risk of influenza-related illness. Although the com-
parison of cases to community controls was designed to reduce
confounding by matching on risk of severe illness, the large dif-
ference in our VE estimates after controlling for the presence of
multiple underlying health conditions (62% before controlling
for this factor compared to 82% after controlling for this factor)
suggests that there remained residual confounding by health
status. Cases were more similar to PICU controls than to com-
munity controls in terms of the prevalence of multiple underly-
ing conditions, and confounding of the VE estimate by the
presence of underlying conditions was less pronounced in the
comparison of cases and PICU controls (69% and 74% before
and after controlling for this factor, respectively). Future studies
of influenza VE in this population should consider additional
methods, such as the use of propensity score matching, to con-
trol for confounding by health status.

Although parental report is a simple and widely used method
for ascertaining immunization status, it is susceptible to social-
desirability and recall biases [42], perhaps particularly when sub-
jects are recruited in an ICU setting. In our study, parents of cases
and PICU controls reported greater levels of full vaccination than
were subsequently verified, similar to patterns reported in the lit-
erature [43, 44]. A strength of our study was the use of detailed
medical record review and interrogation of immunization regis-
tries to confirm vaccination status for cases and PICU controls.
Our comparison of cases to community controls, however, relied
upon parental report. Misclassification of vaccination status
based on parental report may bias our VE estimate downward.
If parental over-report of vaccination was more pronounced
among cases than community controls, this, too, would cause
our VE estimate to be biased downward.

Our study began during a period of heightened awareness of
influenza vaccination, 1 year following the 2009 influenza pan-
demic, and 2 years following the expansion of the ACIP recom-
mendations to include annual vaccination for all children aged
≥6 months. Nevertheless, less than a third of cases and PICU
controls were fully vaccinated, even though almost half of
these had at least one high-risk condition. Among the cases

and PICU controls with at least 1 high-risk condition, only
37% were fully vaccinated (similar to prior reports [35]). It is
essential to investigate care patterns and missed opportunities
for vaccination in children such as these.

Our study has several limitations. We enrolled a relatively
small number of cases despite conducting enrollment at 21
PICUs. This was due in part to the rarity of life-threatening in-
fluenza among children in general and an unusually mild influ-
enza season in the second year of the study. Thus, we could not
stratify our analysis by season, age, vaccine type, or influenza flu
type/subtype. We did not perform antigenic characterization of
influenza viruses recovered from study participants to evaluate
match of strain with the vaccine. However, national testing per-
formed by the CDC showed that circulating influenza strains
were similar to vaccine strains. Overall, 52% of eligible PICU pa-
tients enrolled in our study. Although this rate is lower than an-
ticipated, it is similar to that achieved in other hospital-based
observational studies in which invasive biologic specimens are
required [45].There may have been differences between patients
who enrolled compared with those who did not; however,
among PICU controls with high-risk conditions, we observed
an influenza vaccination rate (37%) similar to that reported pre-
viously in a nationally representative sample (33%–36%; [35]).
Finally, for our analysis using community controls, we relied on
parental report of vaccination status due to insufficient return of
authorizations for vaccine verification and evidence of differen-
tial returns by vaccine status, which can bias estimates of VE.

CONCLUSIONS

In this study, influenza vaccination was associated with about a
three-quarters reduction in risk of influenza-related critical ill-
ness in children. Vaccine coverage was low, even among chil-
dren with comorbid conditions that increase the risk of severe
influenza complications. Our results highlight the value of in-
creasing the use of influenza vaccines among children.
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