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Background. Vaccination is the primary strategy to reduce influenza burden. Influenza vaccine effectiveness (VE) can vary an-
nually depending on circulating strains.

Methods. We used a test-negative case-control study design to estimate influenza VE against laboratory-confirmed influenza-
related hospitalizations among children (aged 6 months-17 years) across 5 influenza seasons in Atlanta, Georgia, from 2012-2013
to 2016-2017. Influenza-positive cases were randomly matched to test-negative controls based on age and influenza season in a
1:1 ratio. We used logistic regression models to compare odds ratios (ORs) of vaccination in cases to controls. We calculated VE as
[100% X (1 - adjusted OR)] and computed 95% confidence intervals (CIs) around the estimates.

Results. 'We identified 14 596 hospitalizations of children who were tested for influenza using the multiplex respiratory molecular
panel; influenza infection was detected in 1017 (7.0%). After exclusions, we included 512 influenza-positive cases and 512 influenza-
negative controls. The median age was 5.9 years (interquartile range, 2.7-10.3), 497 (48.5%) were female, 567 (55.4%) were non-Hispanic
Black, and 654 (63.9%) children were unvaccinated. Influenza A accounted for 370 (72.3%) of 512 cases and predominated during all 5 sea-
sons. The adjusted VE against influenza-related hospitalizations during 2012-2013 to 2016-2017 was 51.3% (95% CI, 34.8% to 63.6%) and
varied by season. Influenza VE was 54.7% (95% CI, 37.4% to 67.3%) for influenza A and 37.1% (95% CI, 2.3% to 59.5%) for influenza B.

Conclusions.
seasons.
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Influenza vaccination decreased the risk of influenza-related pediatric hospitalizations by >50% across 5 influenza
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Influenza is responsible for morbidity and occasional mortality
in children, particularly those aged <5 years [1]. Influenza vacci-
nation can prevent influenza infection and its complications and
is recommended for children aged >6 months [2]. The effec-
tiveness of influenza vaccination in preventing influenza-like ill-
ness (ILI) varies substantially from year to year. Factors that can
affect influenza vaccine effectiveness (VE) include the antigenic
match between vaccine strain and circulating influenza strains
and the timing of seasonal influenza vaccination due to poten-
tial intraseason waning of influenza VE [3-7]. Other factors, such
as manufacturing, distribution-related events, and vaccine sta-
bility, have been thought to contribute to the poor VE seen with
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live-attenuated influenza vaccine (LAIV) against A(HIN1)pdm09
in the 2013-2014 through 2015-2016 influenza seasons [8-10].
Even when influenza vaccination fails to prevent influenza-related
hospitalization, it may modify influenza severity with impact in
some seasons on the duration of hospitalization, intensive care unit
(ICU) admission, and death [11, 12].

Although influenza VE in prevention of ILI is determined
yearly, data about the impact of influenza vaccination on pre-
vention of influenza-related hospitalization or attenuation of
outcomes are very limited in both adults and children [13-18].
To help address this knowledge gap, we conducted a retrospec-
tive, observational study using a test-negative case-control de-
sign of children hospitalized at 2 pediatric hospitals in Atlanta,
Georgia, between 1 October 2012 and 30 April 2017. The pri-
mary endpoint was inactivated influenza vaccine (IIV) VE in
prevention of pediatric hospitalizations.

METHODS

We conducted a retrospective test-negative case-control study
including children aged 6 months to <18 years admitted to the
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Children’s Healthcare of Atlanta (CHOA), Georgia, during the
2012-2013 to 2016-2017 influenza seasons. Each influenza
season was defined as the period from 1 October to 30 April
of the subsequent year. CHOA is one of the largest pediatric
healthcare systems in the country, with >200 000 emergency
department visits and >25 000 inpatient hospital admissions
each year. We restricted our study to those children residing
in Health District 3 of Georgia (Fulton, DeKalb, Gwinnett,
Cobb, Douglas, Clayton, Rockdale, and Newton counties) to
ensure patients were not referred only for critical illness. The
study was reviewed and approved by the CHOA Institutional
Review Board.

Inclusion and Exclusion Criteria

Eligible patients were children aged 6 months to <18 years at
admission with acute respiratory illness (ARI) at the time of the
influenza testing based on >1 of the following symptoms: nasal
congestion, rhinorrhea, sore throat, hoarseness, cough, sputum
production, dyspnea, wheezing; or an admitting diagnosis sug-
gestive of ARI (pneumonia, upper respiratory infection, bron-
chitis, lower respiratory infection, bronchiolitis, influenza,
cough, asthma, viral illness, respiratory distress, respiratory
failure); or congestive heart failure exacerbation. Patients were
excluded if they did not have documented symptoms, if they
were vaccinated <14 days prior to testing, if they had missing
immunization records, if they had taken influenza antiviral
medications in the 7 days prior to testing, or if they had re-
peat encounters where the same pathogen was detected within
30 days. Cases were children who met the inclusion criteria and
tested positive for influenza, and controls were defined as chil-
dren who met inclusion criteria but tested negative for influ-
enza using a multiplex respiratory molecular panel during the
same influenza season. Children aged <2 years were matched
by age in months with 6-month intervals. Older children were
matched by year of age.

Data Collection

Patients tested for respiratory pathogens using a multiplex
respiratory molecular panel (BioFire FilmArray, bioMérieux,
France) within the first 3 days of admission were retrospectively
identified. A comprehensive chart review was conducted using
a standardized case report form built into REDCap [19] to cap-
ture demographic and clinical features (see Supplementary
Methods and Supplementary Table 1).

Influenza vaccination information was collected for each pa-
tient using Georgia Registry of Immunization Transactions and
Services (GRITS) records. Under the Georgia Immunization
Registry Law, all immunizations given in the State of Georgia
are required to be entered into this database, which has been
shown to accurately capture administered vaccines [20].
Complete vs partial influenza vaccination status was defined
based on Advisory Committee on Immunization Practices

(ACIP) recommendations (see Supplementary Methods).
Children aged <9 years who received only 1 vaccine dose in the
current season (and no known prior vaccine doses) and chil-
dren who were vaccinated <14 days before disease onset were
considered partially vaccinated.

Statistical Analyses

VE was assessed using a test-negative case-control design overall
and during each season of the 2012-2013 through 2016-2017
influenza seasons using 1 or more current season influenza
vaccine doses as the main exposure. Cases and controls were
matched on age and influenza season with a 1:1 ratio. Influenza
VE was estimated as [100% x (1 - adjusted OR)], with OR being
the odds of influenza vaccination among influenza-positive
cases divided by the odds of vaccination among influenza-
negative controls. Due to the insufficient number of LAIV vac-
cinations, we limited our estimates of VE to IV, resulting in an
analyzable population of 490 cases and 490 controls receiving
either ITV or no vaccination. Influenza VE was estimated for
overall and subtypes A and B but not for other subtypes.

We used frequencies and percentages or medians and inter-
quartile ranges (IQRs) for categorical or continuous variables,
respectively. Demographic and clinical characteristics and
other potential confounders were compared between cases and
controls and between vaccinated and unvaccinated participants
using the Fisher exact test for categorical characteristics and the
Wilcoxon rank sum test for continuous characteristics. Adjusted
ORs with Wald 95% confidence intervals (ClIs) were calculated
using unconditional multiple logistic regression models, which
are appropriate for populations matched on basic demographic
variables [21]. We considered P values of < .05 and 95% CI, ex-
cluding 1, as statistically significant. Model covariates included
clinically significant features and potential confounders iden-
tified in bivariate analyses with either case status or vaccina-
tion status at a significance level of 0.05 (see Supplementary
Methods).

Sensitivity and Subgroup Analyses

Sensitivity analyses were conducted by applying the final mul-
tiple logistic regression model to a redefined study cohort.
Subgroup analyses were conducted by introducing a stratifying
variable into the model as an independent covariate and in an
interaction term with case status. Statistically significant differ-
ences in the VE estimates across strata were identified using the
2-tailed P value at a significance level of < .05 of this interaction
term. Sensitivity and subgroup analyses were prespecified (see
Supplementary Methods and Tables 2 and 3).

In addition, we conducted a sham analysis estimating influ-
enza VE in a cohort of human metapneumovirus (HMPV)-
positive/flu-negative cases and HMPV-negative/flu-negative
controls to evaluate for residual confounding and confirm lack
of association between flu vaccination and HMPV infection.
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RESULTS

We identified 14 596 hospitalizations for children who
were tested for influenza using a multiplex respiratory mo-
lecular panel during the 2012-2013 to 2016-2017 influ-
enza seasons (Figure 1). After exclusions, we included 512
influenza-positive cases and 512 influenza-negative controls
in the entire cohort. The median age was 5.9 years (IQR,
2.7-10.3); 497 (48.5%) were female, 567 (55.4%) were non-
Hispanic Black, 212 (20.7%) were non-Hispanic White, and
175 (17.1%) were Hispanic (Table 1). The most common un-
derlying comorbidities were respiratory disorders including
asthma/reactive airway disease (463, 45.2%). Fever was the
most common presenting symptom (832, 81.3%); 677 (66.1%)
reported more than 3 symptoms, and the median duration of
symptoms at presentation was 3 days (IQR, 2-6). The median
length of stay was 4 days (IQR, 3-5); 228 (22.3%) patients had
a radiographic diagnosis of pneumonia, 340 (33.2%) were

admitted to the ICU, and 67 (6.5%) required mechanical ven-
tilation. Influenza A was predominant in all seasons; 370 of
512 (72.3%) tested positive for influenza A, and 143 of 512
(27.9%) tested positive for influenza B (1 case was coinfected
with influenza A and B). There were no differences in age, sex,
or ethnicity among influenza-positive and influenza-negative
patients. Children who tested positive for influenza were
less likely to have been born prematurely (among those aged
<2 years; 14.6% vs 29.7%; P = .011), more likely to present
with fever (91.4% vs 71.1%, P < .001), and have shorter hos-
pital stay (median of 3 days [IQR, 3-5] vs 4 days [IQR, 3-6],
P <.001) compared with those who tested negative for influ-
enza (Table 1). Oseltamivir use was more common (87.3% vs
1.0%, P < .001) and ICU admission was less likely (27.1% vs
39.3%, P < .001) among children with influenza.

The majority of the children included in the final analyses
were not vaccinated against influenza during the enrollment

Encounters with children aged 6 months to 18 years admitted and tested for influenza by
multiplex respiratory panel at Children’s Healthcare of Atlanta, 2012/2017 respiratory seasons
n=14,596
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e Age at the time of testing
(n=2)
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e Other (n=2)
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1:1 matching on age and season
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Figure 1.

Consort diagram for study enrollment (see Supplementary Materials for additional details). ARI defined as the presence of >1 of the following symptoms: nasal

congestion, rhinorrhea, sore throat, hoarseness, cough, sputum production, dyspnea, wheezing; an admitting diagnosis suggestive of ARI (pneumonia, upper respiratory
infection, bronchitis, lower respiratory infection, bronchiolitis, influenza, cough, asthma, viral illness, respiratory distress, respiratory failure); or congestive heart failure ex-

acerbation. Abbreviation: ARI, acute respiratory illness.
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Table 1. Demographic and Clinical Characteristics of Study Participants by Case Status

Cases vs Controls

Characteristic Total (N =1024) Cases (N =512) Controls (N =512)  PValue®
Demographics
Hospital Hospital 1 523 (51.1) 252 (49.2) 271 (52.9) .260
Hospital 2 501 (48.9) 260 (50.8) 241 (47.1)
Age at presentation, y Median 5.9 5.8 6 .981
IQR 2.7-10.3 2.7-10.2 2.6-10.4
Age group, y 0to <5 438 (42.8) 219 (42.8) 219 (42.8) .945
5 to <9 272 (26.6) 138 (27.0) 134 (26.2)
9+ 314 (30.7) 155 (30.3) 159 (31.1)
Sex Female 497 (48.5) 242 (473) 255 (49.8) 453
Male 527 (51.5) 270 (52.7) 257 (50.2)
Race/Ethnicity Hispanic 175 (17.1) 92 (18.0) 83 (16.2) <.001
Non-Hispanic Black 567 (55.4) 311 (60.7) 256 (50.0)
Non-Hispanic White 212 (20.7) 78 (15.2) 134 (26.2)
Other® 70 (6.8) 31(6.1) 39 (76)
Season 2012-2013 266 (26.0) 133 (26.0) 133 (26.0) >.999
2013-2014 118 (11.5) 59 (11.5) 59 (11.5)
2014-2015 252 (24.6) 126 (24.6) 126 (24.6)
2015-2016 148 (14.5) 74 (14.5) 74 (14.5)
2016-2017 240 (23.4) 120 (23.4) 120 (23.4)
Vaccination
Type Inactivated influenza vaccine 347 (33.9) 137 (26.8) 210 (41.0) <.001
Live attenuated influenza 23(2.2) 12 (2.3) 11(2.1)
vaccine
None 654 (63.9) 363 (70.9) 291 (66.8)
Advisory Committee on Immunization Practices Complete 145 (14.2) 54 (10.5) 91 (17.8) <.001
vaccination status
Partial 225 (22.0) 95 (18.6) 130 (25.4)
None 654 (63.9) 363 (70.9) 291 (56.8)
Medical history
Blood disorder Yes 169 (16.5) 94 (18.4) 75 (14.6) 130
Cardiac disorder Yes 85 (8.3) 34 (6.6) 51 (10.0) .069
Endocrine disorder Yes 31(3.0) 14 (2.7) 17 (3.3) 716
Immunocompromised Yes 134 (13.1) 69 (13.5) 65 (12.7) 781
Kidney disorder Yes 29 (2.8) 17 (3.3) 12 (2.3) 452
Liver disorder Yes 19 (1.9) 1 (2.1) 8(1.6) .644
Hematologic malignancy Yes 31(3.0) 14 (2.7) 17 (3.3) 716
Solid organ malignancy Yes 21 (2.1) 6(1.2) 15 (2.9) .075
Metabolic disorder Yes 16 (1.6) 6(1.2) 10 (2.0) 451
Neurologic disorder Yes 243 (23.7) 111 (21.7) 132 (25.8) 142
Prematurity® Yes 45 (22.1) 15 (14.6) 30 (29.7) .0n
Respiratory disorder Yes 463 (45.2) 216 (42.2) 247 (48.2) .060
Rheumatologic disorder Yes 7(0.7) 1(0.2) 6 (1.2) 124
Any medical history Yes 788 (77.0) 393 (76.8) 395 (77.1) 941
Clinical presentation
Body mass index Median 16.6 16.8 16.5 .168
IQR 15.0-19.4 15.1-19.4 14.8-19.5
Days from vaccination to symptom onset Median 85 86 84 .658
IQR 54.0-125.0 56.0-132.0 53.0-124.0
Days of symptoms Median 8 8 8 496
IQR 2.0-6.0 2.0-6.0 2.0-6.0
Fever Yes 832 (81.3) 468 (91.4) 364 (71.1) <.001
Days of fever® Median 2 2 2 .880
IQR 1.0-4.0 1.0-4.0 1.0-4.0
Highest recorded temperature (°C)® Median 39 39.1 38.9 .002
IQR 38.3-39.6 38.6-39.6 38.2-39.5
>3 symptoms® Yes 677 (66.1) 349 (68.2) 328 (64.1) 187
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Table 1. Continued

Cases vs Controls

Characteristic Total (N =1024) Cases (N =512) Controls (N=512)  PValue®

Microbiology'
Influenza A Positive 370 (36.1) 370 (72.3) 0(0.0) <.001
Influenza B Positive 143 (14.0) 143 (27.9) 0(0.0) <.001
Human metapneumovirus Positive 58 (5.7) 5 (1.0) 53 (10.4) <.001
Adenovirus Positive 20 (2.0) 6 (1.2) 14 (2.7) 112
Chlamydophila pneumoniae Positive 1(0.2) 1(0.3) 0(0.0) >.999
Coronavirus Coronavirus 229E Positive 7 (1.1) 4(1.2) 3(0.9 >.999
Coronavirus HKU1 Positive 2(0.3) 1(0.3) 1(0.3) >.999
Coronavirus NL63 Positive 17 (1.7) 3(0.6) 14(2.7) .012
Coronavirus OC43 Positive 15 (2.3) 4(1.2) 11 (3.4) N4
Mycoplasma pneumoniae Positive 6 (0.8) 2 (0.5) 4(1.1) .686
Parainfluenza 1 Positive 2(0.2) 0(0.0) 2 (0.4) .500
Parainfluenza 2 Positive 2(0.2) 0(0.0) 2(0.4) .500
Parainfluenza 3 Positive 6 (0.6) 3(0.6) 3(0.6) >.999
Parainfluenza 4 Positive 3(0.3) 0(0.0) 3(0.6) 249
Rhinovirus/Enterovirus Positive 168 (16.4) 25 (4.9) 143 (27.9) <.001
Respiratory syncytial virus Positive 99 (9.7) 15 (2.9) 84 (16.4) <.001

Antiviral use while hospitalized
Oseltamivir Yes 452 (44.1) 447 (87.3) 5(1.0) <.001
Days of treatment? Median 6 6 1 <.001

IQR 5.0-6.0 5.0-6.0 1.0-1.0

Outcome

Days of hospitalization Median 4 3 4 <.001
IQR 3-5 3-5 3-6

Intensive care unit admission Yes 340 (33.2) 139 (27.1) 201 (39.3) <.001
Mechanical ventilation Yes 67 (6.5) 28 (5.5) 39 (7.6) 206
Radiographic pneumonia” Yes 228 (22.3) 123 (24.0) 105 (20.5) 202

Abbreviations: HMPV, human metapneumovirus; IQR, interquartile range.

“Cases and controls compared using the Fisher exact test for categorical variables and Wilcoxon rank sum test for continuous variables.

°Other races included American Indian/Alaska Native, Asian, Native Hawaiian or Other Pacific Islander, multiple races, and unknown.

°Prematurity history unavailable for participants aged >2 years at admission.
9Days of fever and maximum temperature only defined for participants with fever.

Participants may be missing data for 1 or multiple symptoms.

Microbiology notes: One case coinfected with influenza A and B. A total of 101 participants were positive for multiple pathogens, with a maximum of 3 pathogens identified. Coronavirus
Coronavirus 229E, coronavirus HKU1, and coronavirus OC43 results were missing in 378 participants (189 cases, 189 controls). Chlamydophila pneumoniae results were missing in 375
participants (187 cases, 188 controls), and Mycoplasma pneumoniae results were missing in 265 participants (133 cases, 132 controls).

9Days of treatment only defined for participants who received treatment.

"Radiographic pneumonia identified by presence of International Classification of Diseases, Ninth Revision, Clinical Modification and International Classification of Diseases, Tenth Revision,

Clinical Modification, code.

season (654, 63.9%); 23 children (2.2%) received LAIV, and
347 (33.9%) received IIV (Table 1). Children who were vac-
cinated did not differ in age, sex, ethnicity, or body mass
index from those who were unvaccinated for the enrollment
season (Supplementary Table 2B). Vaccination rates with IIV
were similar between the seasons (P =.27), whereas LAIV
coverage differed by season (P =.01). Those who received
IIV had more concomitant medical comorbidities (85.3% vs
74.0%, P < .001), whereas those who received LAIV were less
likely to have a concomitant comorbidity (34.8% vs 74.0%,
P <.001) than those who were unvaccinated. Children who
were vaccinated with IIV were less likely to have radiologi-
cally confirmed pneumonia (17.9% vs 23.7%, P = .036) or ICU

admission (26.2% vs 36.7%, P < .001) compared with those
who were unvaccinated.

Vaccine Effectiveness

Among the 490 cases and 490 controls used to estimate ITV effec-
tiveness, 132 (26.9%) of influenza-positive cases and 209 (42.7%)
of influenza-negative controls were vaccinated with seasonal ITV.
The adjusted VE of IIV against influenza-related pediatric hospi-
talizations from 2012-2017 was 51.3% (95% CI, 34.8% to 63.6%;
Table 2). The adjusted influenza VE was 54.7% (95% CI, 37.4%
to 67.3%) for influenza A and 37.1% (95% CI, 2.3% to 59.5%) for
influenza B. Due to few cases of influenza among those who re-
ceived LAIV, VE was not determined for LAIV.
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Table 2. Inactivated Influenza Vaccine Effectiveness Against Hospitalization Among Children Aged 6 Months to 17 Years, 2012-2013 to 2016-2017

Inactivated Influenza Vaccine
Effectiveness by Characteristic

Cases Who Were Vaccin-
ated, No./Total No. (%)

Controls Who Were Vaccin-
ated, No./Total No. (%)

Estimated Vaccine Effectiveness, * %
(95% Confidence Interval))

Unadjusted

Adjusted®

Overall
Influenza B-infected cases®
Influenza A-infected cases®
By age group, y

0to <b

5to <9

9+
By season

2012-2013

2013-2014
2014-2015
2015-2016
2016-2017

Immunocompromised
Yes

No

Cases and controls admitted to the
intensive care unit

Cases and controls with radio-
graphic pneumonia®
Time of the season
Early
Late
Cases and controls hospitalized

132/490 (26.9)
43/139 (30.9)
89/352 (25.3)

49/214 (22.9)
42/127 (33.1)
41/149 (27.5)

39/128 (30.5)

7/56 (12.5)
29/116 (25.0)
18/70 (25.7)
39/120 (32.5)

31/67 (46.3)

101/423 (23.9)
26/134 (19.4)

22/114 (19.3)
61/245 (24.9)

71/245 (29.0)
130/465 (28.0)

209/490 (42.7)
209/490 (42.7)
209/490 (42.7)

98/214 (45.8)
47/122 (38.5)
64/154 (41.6)

43/128 (33.6)

26/56 (46.4)
52/116 (44.8)
41/70 (58.6)
47/120 (39.2)

43/63 (68.3)

166/427 (38.9)
65/192 (33.9)

39/97 (40.2)
109/252 (43.3)

100/238 (42.0)
194/446 (43.5)

50.4 (35.2 to 62.1)
39.8 (10.0 t0 59.7)
54.5 (38.6 to 66.3)

64.8 (46.7 to 76.8)
21.2 (-32.5t0 53.1)
46.6 (13.6 to 67.0)

13.4 (-46.5 t0 48.8)

83.5 (567.4 t0 93.6)
59.0 (28.4 to 76.5)
75.5 (49.9 to 88.0)
25.2 (-27.0 to 56.0)

59.9 (18.1 to 80.4)

50.7 (33.7 t0 63.3)
53.0 (20.7 to 72.1)

64.4 (34.1 t0 80.8)

56.5 (36.3 to 70.3)

43.7 (179 to 61.4)
49.6 (33.6 t0 61.7)

51.3 (34.8 to 63.6)
371 (2.3 10 59.5)
54.7 (37.4 t0 67.3)

64.3 (44.1 to 77.1)
17.1 (-44.6 to 562.5)
52.2 (19.5 to 71.6)

12.0 (-54.4 to
49.9)

83.6 (65.3 t0 94.0)
62.3 (31.9 to 79.1)
74.4 (45.4 t0 88.0)
24.4 (-33.6 to 57.1)

435 (-23.3 to
74.1)

52.4 (34.9 t0 65.2)
51.3 (14.7 t0 72.1)

65.5 (32.3 t0 82.4)

58.1 (36.8 to 72.2)

43.4 (15.1 to 62.3)
50.6 (33.4 to 63.4)

during peak influenza circulation®

“Calculated as (1 — odds ratio [OR]) x 100%, where OR is the odds of vaccination among cases compared with the odds of vaccination among controls.

®Adjusted for demographic characteristics (age at admission in years, sex, race/ethnicity, study hospital, and season), neurologic disorder, and chronic conditions with significant bivariate
associations with vaccination or case status as identified in Table 1 (blood disorder, cardiac disorder, immunocompromised status, kidney disorder, hematologic malignancy, solid organ

malignancy, and respiratory disorder).

°One case coinfected with influenza A and B included in both subgroups.

9Defined by International Classification of Diseases, Ninth Revision, Clinical Modification, codes before October 2015 and International Classification of Diseases, Tenth Revision, Clinical

Modification, codes beginning in October 2015.
“Period within each season when >4% of all sampling was positive.

Sensitivity Analyses

Restricting cases to those negative for all noninfluenza vir-
uses did not substantially change VE estimates, nor did re-
stricting cases and controls to those hospitalized during peak
influenza circulation (Table 2) Considering only complete
vaccinations per the ACIP, VE was estimated at 55.3% (95%
CL, 31.7% to 70.7%); VE was similar for partial vaccinations
at 46.8% (95% CI, 23.8% to 62.8%). Among cases and controls
hospitalized within 3 days of symptom onset, VE was 39.7%
(95% CI, 8.9% to 60.1%). When we restricted our analysis to
those who were admitted to the ICU and those who had radi-
ographically confirmed pneumonia, the overall adjusted in-
fluenza VE was 51.3% (95% CI, 14.7% to 72.1%) and 65.5%
(95% CI, 32.3% to 82.4%), respectively. Influenza vaccination
was not effective in preventing HMPV-related hospitaliza-
tions in influenza-negative children (7.6%; 95% CI, -23.5%
t0 30.9%).

Subgroup Analyses

Influenza VE varied by season and was highest in the 2013-
2014 season (83.6%; 95% CI, 55.3% to 94.0%) and lowest
in the 2012-2013 season (12.0%; 95% CI, -54.4% to 49.9%;
Table 3). VE point estimates tended to be higher in children
aged <5 years (64.3%; 95% CI, 44.1% to 77.1%) and lower in
children aged 5-9 years (17.1%; 95% CI, —-44.6% to 52.5%),
but were imprecise, especially in the older age group owing
to small numbers. A post hoc analysis of VE in children aged
<9 years was 50.7% (30.1% to 65.2%). Estimates of VE differed
by clinical presentation (P =.027) and were similar for chil-
dren who presented with ARI and fever with cough or without
cough (57.7%; 95% CI, 36.9% to 71.6% vs 70.6; 95% CI, 37.6%
to 86.2%, respectively). There was not a significant differ-
ence between the VE estimates in patients with vs without
immunocompromising comorbidities (43.5%; 95% CI, -23.3%
to 74.1% vs 52.4%; 95% CI, 34.9% to 65.2%). Influenza VE
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Table 3. Sensitivity Analyses of Vaccine Effectiveness of Inactivated Influenza Vaccine

Estimated Vaccine Effectiveness,® %
(95% Confidence Interval)

Sensitivity Analysis of Vaccine Cases Who Were Vaccin- Controls Who Were Vac-
Effectiveness by Definition ated, No./Total No. (%) cinated, No./Total No. (%) Unadjusted Adjusted®
Complete vaccination per ACIP 51/409 (12.5) 87/368 (23.6) 54.0 (32.8 t0 68.5) 55.3 (31.7 to 70.7)
Partial vaccination per ACIP 81/439 (18.5) 122/4083 (30.3) 479 (28.1t062.2) 46.8(23.8 to
62.8)
Cases and controls hospitalized 130/465 (28.0) 194/446 (43.5) 49.6 (33.6t061.7) 50.6 (33.4 to
during peak influenza circulation® 63.4)

Cases and controls hospital- 85/255 (33.3)

ized <3 days after symptom onset

97/227 (42.7) 33.0(3.0t053.7) 39.7(8.9t060.1)

Abbreviation: ACIE Advisory Committee on Immunization Practices.

“Calculated as (1 — odds ratio [OR]) x 100%, where OR is the odds of vaccination among cases compared with the odds of vaccination among controls.

°Adjusted for demographic characteristics (age at admission, sex, race/ethnicity, study hospital, and season), neurologic disorder, and chronic conditions with significant bivariate associ-
ations with vaccination or case status as identified in Table 1 (blood disorder, cardiac disorder, immunocompromised status, kidney disorder, hematologic malignancy, solid organ malignancy,

and respiratory disorder).

“Period within each season when >4% of all sampling was positive.

did not differ substantially by the time of diagnosis within
the season (early season: 58.1%; 95% CI, 36.8% to 72.2%; late
season: 43.4%; 95% CI, 15.1% to 62.3%). The impact of prior
seasonal IIV on VE estimates could not be determined due to
insufficient numbers.

DISCUSSION

We estimated that IIV effectiveness against influenza-related
hospitalizations among children was 51.3% (95% CI, 34.8% to
63.6%) and varied by season. Our findings are consistent with
previously reported estimates of VE against influenza-related
hospitalizations. The New Vaccine Surveillance Network re-
cently estimated influenza VE against pediatric influenza-
associated hospitalizations as 41% (95% CI, 20% to 56%) during
the 2018-2019 flu season [22]. Our findings are also similar to
those from Chung et al who reported VE as 51% (95% CI, 44%
to 57%) against medically attended outpatient acute respiratory
infections in children for the 2015-2018 influenza seasons, with
a slightly lower point estimate in partially vaccinated children at
41% (95% CI, 25% to 54%) [17]. These data contrast with those
from a recent study that found no protection against influenza-
related hospitalizations in partially vaccinated children be-
tween 2015 and 2018 [18]. Similar to other studies, those with
comorbidities were more likely to receive the influenza vaccine,
possibly related to more frequent healthcare encounters re-
sulting in increased opportunities for vaccination [14, 23, 24].
Influenza VE can be impacted by many factors such as re-
ceipt of prior seasonal influenza vaccinations, timing of in-
fluenza vaccination relative to the onset of disease, age,
comorbidities, and antigenic match between the vaccine strain
and antigenically drifted circulating influenza strains [25-27].
We did not find clear evidence of intraseason waning of vaccine
effectiveness, although there may have been a tendency for VE
to be lower late in the season. Multiple studies have examined
the impact of timing of influenza vaccination during the season

on VE, as studies have suggested the possibility of intraseason
waning of influenza VE [3-7]. In addition, our sample size was
not large enough to determine the impact of IIV administration
in the prior season on the current season’s VE. There has been
increasing interest in the association of prior vaccination with
subsequent VE, although studies have found variable results
thus far [26, 28, 29].

We found substantial variability in influenza VE by season
and age group. Overall seasonal influenza VE from 2012 to 2017
ranged from 12.0% to 83.6%, but the individual season point
estimates should be interpreted with caution due to the large
confidence intervals. Notably, our point estimates of influenza
VE were highest in 2 HIN1 predominant seasons (2013-2014,
2015-2016). As the composition of the influenza vaccine is
determined far in advance, changes in the circulating viruses
due to antigenic drift or mismatches to the circulating viruses
can influence VE for that particular season [30, 31]. We also
saw marked seasonal variability, although the reasons for such
differences are uncertain. Age-related differences and contrib-
uting factors to these differences for vaccine-induced protec-
tion among children are not well understood [32]. Host factors
such as prevalence and types of underlying comorbidities in
different age groups can impact the vaccine-induced protection
and needs further study.

Importantly, we also identified evidence for protection of in-
fluenza vaccination against influenza-related ICU admission
and pneumonia. These findings suggest the potential for influ-
enza vaccination to attenuate influenza disease severity in chil-
dren. Similar findings have been observed in some studies of
adults in the FluSurv-NET surveillance network that showed,
in some seasons, that adults who received influenza vaccine had
reduced ICU length of stay (LOS), hospital LOS, and decreased
risk of pneumonia and death [11, 12]. In another study, it was
found that influenza vaccination protected against influenza-
related ICU admission, mechanical ventilation, and deaths in
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adults aged >65 years [15]. It is possible that residual uniden-
tified confounders could have contributed to our findings, but
we think this less likely as children are generally less medically
complex than adults. In our study, we were unable to analyze
the potential impact of influenza vaccination on mechanical
ventilation and death in children due to low numbers. We also
could not identify influenza VE in immunocompromised chil-
dren, although this may have been due to insufficient power to
detect a difference [14]. Additional data are needed to confirm
these findings.

Importantly, we also used HMPV controls to assess for po-
tential unrecognized confounding. Our choice of HPMV
rather than a different respiratory virus (eg, respiratory syncy-
tial virus) was due to the closer correlation of the age distri-
bution of HMPV and influenza admissions. A large number of
HMPV cases provided substantial power to identify any such
confounding and has been used previously [14]. Importantly,
we observed no influenza VE against HMPV admissions, which
suggests against confounding in our influenza VE estimates (eg,
by testing biases that might exist due to knowledge of influenza
vaccination status).

Limitations of our study include the inherent limitations of
test-negative study designs, such as our lack of ability to con-
trol the extent of exposure for cases and controls. However, we
selected our cases and controls from the same source popula-
tion, and our controls were selected independently from their
influenza vaccination status. Potential vaccine-status misclassi-
fications due to lack of reporting into GRITS could have re-
sulted in bias in our estimates toward the null. In addition, the
multiplex respiratory molecular panel may not have the sensi-
tivity or specificity of dedicated molecular testing, resulting in
underestimating VE. As this was a single-center study, we were
unable to assess the impact of influenza vaccination on mortality
due to its rare occurrence, although it has been reported that up
to 80% of pediatric deaths occur in unvaccinated children [33].
Due to the small number of children who received LAIV, we
were also unable to determine LAIV VE. This study was retro-
spective in design and, despite our efforts, may have had uni-
dentified testing biases. We found that although the majority
of influenza-positive cases received oseltamivir, it was usually
started at or after the time of ICU admission. Thus, influenza
antivirals had less potential to impact outcomes compared with
other studies in which improved outcomes with early initiation
of oseltamivir were observed [34]. Although our study included
a large number of cases and controls, the subgroups consisted
of smaller numbers of children, which could have resulted in
detection of spuriously significant events in the sensitivity and
subgroup analyses or missing outcomes for which it may be un-
derpowered to detect.

In conclusion, influenza vaccination provides significant
protection against pediatric hospitalization, including potential
ICU admission and pneumonia. Benefit was also observed in

partially vaccinated children. Our data support annual influ-
enza vaccination recommendations for all children without a
known contraindication.
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