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Abstract

Background

It is estimated that vaccinating 50%—70% of school-aged children for influenza can produce
population-wide indirect effects. We evaluated a city-wide school-located influenza vaccina-
tion (SLIV) intervention that aimed to increase influenza vaccination coverage. The interven-
tion was implemented in >95 preschools and elementary schools in northern California from
2014 to 2018. Using a matched cohort design, we estimated intervention impacts on student
influenza vaccination coverage, school absenteeism, and community-wide indirect effects
on laboratory-confirmed influenza hospitalizations.

Methods and findings

We used a multivariate matching algorithm to identify a nearby comparison school district
with pre-intervention characteristics similar to those of the intervention school district and
matched schools in each district. To measure student influenza vaccination, we conducted
cross-sectional surveys of student caregivers in 22 school pairs (2017 survey, N=6,070;
2018 survey, N=6,507). We estimated the incidence of laboratory-confirmed influenza hos-
pitalization from 2011 to 2018 using surveillance data from school district zip codes. We
analyzed student absenteeism data from 2011 to 2018 from each district (N = 42,487,816
student-days). To account for pre-intervention differences between districts, we estimated
difference-in-differences (DID) in influenza hospitalization incidence and absenteeism rates
using generalized linear and log-linear models with a population offset for incidence
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outcomes. Prior to the SLIV intervention, the median household income was $51,849 in the
intervention site and $61,596 in the comparison site. The population in each site was pre-
dominately white (41% in the intervention site, 48% in the comparison site) and/or of His-
panic or Latino ethnicity (26% in the intervention site, 33% in the comparison site). The
number of students vaccinated by the SLIV intervention ranged from 7,502 to 10,106 (22%—
28% of eligible students) each year. During the intervention, influenza vaccination coverage
among elementary students was 53%—66% in the comparison district. Coverage was similar
between the intervention and comparison districts in influenza seasons 2014—2015 and
2015—2016 and was significantly higher in the intervention site in seasons 2016-2017 (7%;
95% Cl 4,11; p<0.001) and 2017-2018 (11%; 95% CI 7, 15; p < 0.001). During seasons
when vaccination coverage was higher among intervention schools and the vaccine was
moderately effective, there was evidence of statistically significant indirect effects: The DID
in the incidence of influenza hospitalization per 100,000 in the intervention versus compari-
son site was -17 (95% CI -30, —4; p=0.008) in 2016—-2017 and —37 (95% CI| -54, -19; p<
0.001) in 2017—2018 among non-elementary-school-aged individuals and =73 (95% CI
-147,1; p=0.054) in 2016—2017 and —-160 (95% CI -267, -53; p= 0.004) in 2017-2018
among adults 65 years or older. The DID in iliness-related school absences per 100 school
days during the influenza season was —0.63 (95% CIl —1.14, -0.13; p=0.014) in 2016-2017
and -0.80 (95% Cl -1.28, -0.31; p=0.001) in 2017—2018. Limitations of this study include
the use of an observational design, which may be subject to unmeasured confounding, and
caregiver-reported vaccination status, which is subject to poor recall and low response
rates.

Conclusions

A city-wide SLIV intervention in a large, diverse urban population was associated with a
decrease in the incidence of laboratory-confirmed influenza hospitalization in all age groups
and a decrease in iliness-specific school absence rate among students in 2016—2017 and
2017-2018, seasons when the vaccine was moderately effective, suggesting that the inter-
vention produced indirect effects. Our findings suggest that in populations with moderately
high background levels of influenza vaccination coverage, SLIV programs are associated
with further increases in coverage and reduced influenza across the community.

Author summary

Why was this study done?

« Seasonal influenza is a substantial contributor to hospitalization and mortality, particu-
larly among infants and the elderly.

o Mathematical models project that vaccinating at least 80% of school-aged children, who
are responsible for the majority of influenza transmission, may yield substantial com-
munity-wide reductions in influenza transmission through herd immunity.

» School-located influenza vaccination (SLIV) programs may increase influenza vaccina-
tion coverage among children. Prior studies of SLIV programs did not use designs that
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effectively controlled for differences between schools with and without SLIV programs
or were conducted in small numbers of schools.

What did the researchers do and find?

« We conducted a 4-year evaluation of a large-scale SLIV program in >95 preschools and
elementary schools in a diverse, urban, predominantly low-income city in northern
California.

o Using a matched cohort design, we assessed whether the SLIV program was associated
with increased student influenza vaccination, reduced community-wide influenza hos-
pitalization, and reduced school absences.

By the third and fourth years of the program, influenza vaccination coverage was 7%-
11% higher among students in the SLIV site versus the comparison site. In those years,
the SLIV program was associated with significantly lower influenza hospitalization rates
among non-elementary-school-aged individuals and among the elderly. In addition,
there were fewer absences due to illness in the SLIV site versus the comparison site in
those years.

What do these findings mean?

o A city-wide SLIV intervention was associated with increased influenza vaccination cov-
erage, decreased illness-specific school absences among students, and lower influenza

transmission community-wide, suggesting that the intervention may have produced
herd effects.

Introduction

Seasonal influenza contributes substantially to hospitalization and mortality, especially among
infants and the elderly [1]. To prevent the spread of influenza, seasonal influenza vaccination
of all individuals over 6 months of age has been recommended by the Advisory Committee on
Immunization Practices (ACIP) in the US since 2010 [2]. The effectiveness of seasonal influ-
enza vaccines varies from year to year depending on the quality of the influenza virus strain
match and whether antigenic drift occurs between the time when the vaccine is manufactured
and the start of the seasonal influenza epidemic, among other factors.

Because school-aged children are responsible for the greatest proportion of community-
wide influenza transmission, efforts to increase vaccination among children are likely to have
the largest impact on transmission [3-8]. Mathematical models estimate that vaccinating at
least 50%-70% of school-aged children against influenza can prevent an influenza epidemic by
producing herd immunity (i.e., “indirect effects”) [9,10]. In recent years, influenza vaccination
coverage in the US has ranged from 54% to 62% among elementary-school-aged children and
from 37% to 44% among adults [11,12], lower than the Healthy People 2020 goal of 70% cover-
age [13]. Mathematical models project that influenza vaccination coverage of 80% in children
would reduce influenza hospitalizations among children by 42% and among adults by approxi-
mately 20% [14].
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School-located influenza vaccination (SLIV) programs have been proposed as a strategy to
increase influenza vaccination coverage among children [15]. Prior studies reported that SLIV
programs increased influenza vaccination [16-25] and decreased school absences [16-19,26-
28] and student illnesses [16,19], and some studies report that the economic benefits of such
programs likely outweigh the cost of program delivery [29,30]. There is some evidence that
SLIV programs can produce community-wide indirect effects among preschool-aged children
and adults; however, studies have produced conflicting results [20,21,31-33]. Many prior SLIV
evaluations used study designs that are subject to confounding [17,18,20,21,26-28,31-33];
those that have used more rigorous designs did not measure health outcomes [23-25,34,35] or
enrolled small numbers of schools [16,19]. To our knowledge, no prior studies have rigorously
measured the impacts of large-scale SLIV interventions on student and community-wide
health outcomes over multiple years.

Here, we report the findings of a 4-year evaluation of a SLIV program delivered to >95 pre-
schools and elementary schools in Oakland, California, a diverse, urban, predominantly low-
income city in northern California. The intervention was delivered city-wide to reduce influ-
enza among elementary school children and to interrupt community-wide influenza transmis-
sion through herd effects. Using a matched cohort design and 3 independent data sources, we
measured whether the intervention was associated with increased student influenza vaccina-
tion and decreased incidence of community-wide laboratory-confirmed influenza hospitaliza-
tion and school absences.

Methods
Ethical statement

This study was approved by the Committee for Protection of Human Subjects at the University
of California, Berkeley (Protocols 2014-01-5960 and 2016-12-9406). To measure influenza vac-
cination coverage, we invited caregivers of students to participate in a survey. Caregivers
received a letter from the school district describing the purpose of the survey and providing
details about the optional and anonymous nature of the survey. The UC Berkeley Committee
for Protection of Human Subjects granted study investigators a waiver of documented
informed consent to carry out the survey because in 2 years of pilot surveys in which we
requested documented informed consent, the complexity of consent forms contributed to very
low response rates that prevented us from collecting a sufficiently large sample to estimate vac-
cination coverage.

SLIV intervention

The Shoo the Flu intervention (http://www.shootheflu.org) delivered free influenza vaccina-
tions at all public and charter elementary schools in Oakland Unified School District (OUSD,
the “intervention district”) in the city of Oakland, California, and offered delivery to all other
preschools and elementary schools in Oakland, including non-OUSD charter schools and pri-
vate schools. Vaccinations were delivered prior to the start of influenza season from 2014
through 2018 (influenza seasons 2014-2015, 2015-2016, 2016-2017, and 2017-2018). OUSD
enrolls a diverse, urban population of approximately 53,000 students, including over 26,000
elementary school students (kindergarten through grade 5). Over 70% of students in this dis-
trict are from low-income households, and half of students speak a language other than
English in their home. The intervention aimed to increase influenza vaccination coverage
among primarily elementary-school-aged children in order to reduce influenza among ele-
mentary school children and to produce indirect effects protecting other age groups in the
community. In its first 2 years, the intervention deployed a mass media campaign in the
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Oakland area, including advertisements in the subway, bus shelters, billboards, and newspa-
pers, as well as through digital media. The intervention did not carry out promotion efforts
outside of the Oakland area, although it is possible that residents of areas near Oakland were
exposed to Shoo the Flu media. Caregivers of the students provided written consent for vacci-
nation, and this consent process was separate from consent to participate in the evaluation of
the intervention. Children were eligible for vaccination regardless of their insurance status.
From 2014 to 2018, between 95 and 138 elementary schools and preschools participated in
Shoo the Flu, and each year the intervention vaccinated between 7,502 and 10,106 students
(22%-28% of eligible students) (S1 Table).

Influenza vaccine effectiveness during the intervention

In influenza seasons 2014-2015 and 2015-2016, the intervention offered the live attenuated
influenza vaccine (LAIV) to students and the inactivated influenza vaccine (IIV) to students
with LAIV contraindications, consistent with ACIP recommendations [36,37]. The interven-
tion also offered IIV to school staff and teachers. In early 2016, the ACIP changed its recom-
mendation for children aged 2 to 8 years from LAIV to IIV due to concerns about the low
effectiveness of LAIV in the 2 prior seasons [38]. In influenza seasons 2016-2017 and 2017-
2018, the intervention offered only ITV. The seasonal influenza vaccine delivered by the inter-
vention had low effectiveness in 2014-2015 and 2015-2016 and moderate effectiveness in
2016-2017 and 2017-2018 (Fig 1) [39,40].

Study design

This study is reported as per the Strengthening the Reporting of Observational Studies in Epi-
demiology (STROBE) guideline (S1 Checklist).

The SLIV intervention was offered to all preschools and elementary schools in the city of
Oakland with the goal of delivering SLIV to the largest number of schools possible in order to
interrupt influenza transmission (i.e., produce indirect effects) in the city. For this reason, it
was infeasible to use a cluster-randomized design because all schools in the district were
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Fig 1. Estimated influenza vaccine effectiveness from 2014 to 2018. Vaccine effectiveness = (1 — OR) x 100%, where OR is the odds ratio for testing positive for
influenza among individuals vaccinated for influenza compared to those who were not vaccinated. Estimates for influenza seasons 2014-2015 and 2015-2016 are for
children 2-8 years; estimates for seasons 2016-2017 and 2017-2018 are for children 6 months to 8 years of age. Some strains for which there were not stable estimates
for children 2-18 years are excluded from this plot. Source: US Influenza Vaccine Effectiveness Network. *Dominant strain circulating each season.

https://doi.org/10.1371/journal.pmed.1003238.9001
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offered the intervention. The study used a matched cohort design to evaluate the SLIV inter-
vention program using a retrospective analysis of prospectively collected data [41]. We drew
on multiple independent data sources to assess a full range of outcomes that could have been
affected by the SLIV intervention: (1) influenza vaccination coverage, (2) influenza hospitaliza-
tions in the community, and (3) all-cause and illness-specific school absence rates among ele-
mentary school students. We conducted a survey of a sample of student caregivers to measure
influenza vaccination coverage and analyzed existing school absence and influenza hospitaliza-
tion records. In some cases, outcome assessment required slightly different designs and esti-
mators, as we describe below.

The matched design focused on the vaccination coverage survey. We first selected from
comparison school districts among San Francisco Bay Area districts that had at least 4 elemen-
tary schools and had pre-intervention school-level characteristics similar to those of the inter-
vention district. We restricted possible comparison districts to those with boundaries
separated by at least 5 miles from the intervention district to minimize contamination. Though
the intervention was provided to some private and charter schools in the intervention city, the
study population was restricted to public elementary schools in the intervention city school
district because pre-intervention data were not readily available to identify suitable compari-
son private or non-district charter schools.

We used a genetic multivariate matching algorithm [42] to pair-match schools in the inter-
vention district with schools in each candidate comparison district. The matching algorithm
used the following pre-intervention school-level characteristics: mean enrollment, class size,
parental education, academic performance index scores, California standardized test scores,
school-level percentage of English language learners, and school-level percentage of students
receiving free lunch at school. We excluded preschools from this evaluation because the avail-
ability of preschools and enrollment criteria varied from school district to school district, com-
plicating comparisons between districts. We identified West Contra Costa Unified School
District (WCCUSD) as the best nearby comparison district because, on average, it had the
smallest generalized Mahalanobis distance between paired schools [42] and a sufficient num-
ber of elementary schools (N = 34 schools, grades K through 6) in the district to ensure ade-
quate statistical power. The absolute value of the standardized difference was under 50 for
most variables, indicating that the matching produced good quality school pair matches [43]
(see S1 Appendix for further details).

Analyses of influenza hospitalization and school absences leveraged the matched design but
used a slightly different approach tailored to each outcome. Because the intention was to mea-
sure community-wide indirect effects of SLIV on influenza hospitalization, we included hospi-
talizations of all residents of zip codes within the intervention and comparison district school
catchment areas, including zip codes that were partially within the district boundary. To mea-
sure impacts on school absences, we prespecified inclusion of all public elementary schools
enrolling kindergarten to grade 5 (K-5) (50 intervention schools, 34 comparison schools)
rather than the matched subset used to design the vaccine coverage survey in order to maxi-
mize precision.

Outcomes and data sources

Vaccine coverage survey. We conducted 2 cross-sectional surveys of student caregivers to
measure caregiver-reported student influenza vaccination, including vaccine type and vaccine
provider. A survey in March 2017 measured vaccination for influenza seasons 2014-2015,
2015-2016, and 2016-2017, and a survey in March 2018 measured vaccination for season
2017-2018. We distributed the surveys in 22 of the 34 matched school pairs (22 K-5 schools in
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the intervention district and 22 K-6 schools in the comparison district). In all classrooms in
each school, teachers distributed anonymous paper surveys to students to share with their
caregivers. The survey was conducted independently from the intervention and allowed care-
givers to report student influenza vaccination at any location.

Laboratory-confirmed influenza hospitalizations. We obtained counts of all laboratory-
confirmed influenza hospitalizations, intensive care unit admissions, and deaths among hospi-
talized patients, and the duration of influenza hospitalizations from zip codes within the inter-
vention and comparison school districts in influenza seasons 2011-2012 through 2017-2018
from the CDC-sponsored California Emerging Infections Program [44].

School absence records. We obtained records of absentee data for each student on each
school day for school years 2011-2012 through 2017-2018 from all public elementary schools
in each school district. Absences were classified by student grade, race/ethnicity, and absence
type (all-cause absences versus illness-specific absences). Absences were classified as related to
illness or not based on parent report, as recorded by each school district.

Statistical power calculations for each outcome are available in S2 Appendix.

Statistical analysis

Unless otherwise specified, analyses were conducted in R version 3.6.1 [45]. Our pre-analysis
plan, selected datasets, and replication scripts are available through the Open Science Frame-
work (https://osf.io/c8xuq/). We defined overall effects as the difference in outcomes between
elementary-school-aged individuals (both those who did and did not participate in the inter-
vention) in the intervention versus comparison site, and indirect effects as the difference in
outcomes between individuals in the intervention versus comparison site (Fig 2). We esti-
mated indirect effects among non-elementary-school-aged individuals (<4 years or >13
years) and elderly individuals (>65 years).

Definition of influenza seasons

Because influenza season timing varies from year to year, we prespecified a data-derived defi-
nition of influenza season in order to conduct our analysis during the weeks in which the
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Fig 2. Schematic of types of effects estimated in this study. The “intervention effect” compares influenza vaccination
coverage and school absence rates among elementary school children aged 5-12 years enrolled in schools participating
in the intervention and schools in the comparison site. The “indirect effect” compares influenza hospitalization rates
between individuals in zip codes overlapping with the intervention and comparison school districts; we estimated
indirect effects among non-elementary-school-aged individuals (0-4 or >13 years) and elderly individuals (>65
years). The “overall effect” compares influenza hospitalization rates among all individuals in zip codes overlapping
with the intervention and comparison school districts; it averages across the intervention effect and indirect effect.

https://doi.org/10.1371/journal.pmed.1003238.9002
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influenza epidemic occurred locally each year. Under this definition, influenza season started
when there were at least 2 consecutive weeks in which the percentage of medical visits for
influenza-like illness in California as reported by the California Department of Public Health
[46] exceeded a cutoff, and the season ended when there were at least 2 consecutive weeks in
which the percentage was less than or equal to the cutoff. In our pre-analysis plan, we set the
cutoff at 2%. Post hoc, we examined seasons defined using cutoffs of 2%, 2.5%, and 3% and
selected 2.5% as the primary definition because, in some seasons, the 2% cutoff included weeks
as early as September and as late as June, and we felt that the 2.5% cutoft best captured seasonal
variation in peak influenza-like illness (S1 Fig). We made this change only considering overall
seasonal patterns for influenza-like illness before estimating any program effects.

Influenza vaccination coverage. We estimated influenza vaccination coverage and 95%
confidence intervals using robust sandwich standard errors that accounted for clustering at
the school level [47]. We estimated differences in vaccination coverage between districts using
a generalized linear model that adjusted for student race/ethnicity and caregiver’s education
level and estimated standard errors that accounted for clustering within matched school pairs.
We restricted the analysis to grades K-5 because the intervention district’s elementary schools
did not include sixth grade. To assess possible selection bias among the sample of caregivers
who responded to the survey, we also estimated vaccination coverage after standardizing the
distributions of race/ethnicity and education in the sample to the pre-intervention percentages
using data from the California Department of Education for the 44 participating schools and
for the entire districts (see details in S3 Appendix).

Laboratory-confirmed influenza hospitalization. To estimate the cumulative incidence
of influenza hospitalization, we obtained age- and race-specific population counts from the
2010 US Census in the same set of zip codes used to identify influenza cases. We also obtained
more recent annual population counts from the 5-year American Community Survey (ACS).
Because counts were similar between both data sources and the ACS did not provide popula-
tion counts by race and age in years, we used the US Census data in our primary analyses. We
fit log-linear Poisson models to estimate cumulative incidence using a log population offset
and adjusting for age, sex, and race [48]. To control for pre-season differences between dis-
tricts, we estimated the difference-in-differences (DID), defined as the difference in incidence
in the intervention district prior to (2011-2013) and during the intervention minus the differ-
ence in incidence in the comparison district prior to and during the intervention. Examination
of pre-intervention influenza hospitalization patterns indicated that the equal trends assump-
tion was reasonable (Fig 3; S4 Appendix Figs A and B). The DID parameter eliminates any
time-invariant confounding and accounts for differences in pre-intervention outcomes
between districts [49]. We obtained standard errors for each quantity using the delta method.
Consistent with our pre-analysis plan, we did not estimate DID for intensive care unit admis-
sion on its own or for influenza mortality because these are rare outcomes, and we were likely
to be underpowered to detect an effect. We also estimated outcomes in the peak week of the
influenza season, defined as the week with the highest rate of influenza hospitalization in the
study site. We performed a sensitivity analysis using the following alternative influenza season
cutoffs: (1) 2 consecutive weeks in which the percentage of medical visits for influenza-like ill-
ness exceeded (season start) or fell below (season end) 2% or 3% (instead of 2.5%) and (2)
October 1 (season start) to April 30 (season end) each year. The latter classification is conser-
vative in that it often includes many weeks of the year with limited influenza-like illness in the
influenza season.

School absence rates. We restricted the primary analysis of school absence rates to school
days when both districts were in session. In addition, we restricted to school days that occurred
during influenza season because we did not expect the intervention to influence influenza and

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003238  August 18, 2020 8/23


https://doi.org/10.1371/journal.pmed.1003238

PLOS MEDICINE Evaluation of a city-wide school-located influenza vaccination program

30

District Pre—intervention period Intervention period Intervention period
= Gomparison (Ineffective vaccine) (Moderately effective vaccine)
Intervention

n
o

o

\

} \—/\ _/\/A\/V&M

Incidence of influenza hospitalization
(per 100,000)

« A
o =t Al B

Jun Aug Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug
2011-12 2012-13 2013-14 2014-15 2015-16 2016-17 2017-18

Jf»\\,— /f‘-

Fig 3. Weekly incidence of inpatient laboratory-confirmed influenza prior to and during the intervention among all ages. Weekly incidence proportion of laboratory-
confirmed influenza hospitalizations (including intensive care unit admissions) between October 1 and April 30 of each year. Hospitalizations included school district
residents tested at healthcare facility laboratories located in zip codes overlapping with OUSD and WCCUSD (Alameda County Public Health Department, Children’s
Hospital Oakland, Contra Costa Public Health Department, Kaiser Permanente, Sutter Health). Population denominators were obtained from the 2010 US Census using
the same set of zip codes.

https://doi.org/10.1371/journal.pmed.1003238.g003

absenteeism outside of that period. We also estimated outcomes in the peak week of the influ-
enza season, defined as the week with the highest proportion of influenza-like illness visits in
California when school was in session. Examination of pre-intervention school absence pat-
terns indicated that the equal trends assumption required for valid DID analysis was reason-
able (S4 Appendix Figs C and D). We estimated DID in mean absence rates using linear
regression models and adjusted for available time-varying covariates: student race, grade, and
month of absence. We did not adjust for pre-intervention school characteristics (i.e., those
used in the matching of school pairs) because they were time-invariant and thus would have
no effect on DID estimates. We calculated 95% confidence intervals using robust standard
errors that accounted for clustering within schools [47]. We estimated the difference in total
student absences during influenza season by multiplying DID estimates and confidence inter-
val bounds by the total student enrollment and the number of school days in each influenza
season.

Differential measurement error could have occurred if absences were recorded with differ-
ent levels of accuracy between the intervention and comparison site. To detect potential differ-
ential measurement error of school absences, we conducted a negative control analysis [50]
using the school days in August, September, May, and June; these months were prior to the
delivery of vaccines at school and outside of influenza season, when we did not expect to see
an effect of the intervention [14]. We also performed a sensitivity analysis using the following
alternative influenza season cutoffs: (1) 2 consecutive weeks in which the percentage of medi-
cal visits for influenza-like illness exceeded (season start) or fell below (season end) 2% or 3%
and (2) week 40 of each year to week 20 of the next year. The latter classification is used in
influenza surveillance by the CDC, but it often includes periods with limited influenza-like
illness.

As we describe in the Results, the negative control analysis indicated possible differential
measurement error of school absences, so we performed a post hoc probabilistic bias analysis
to quantify the possible influence of outcome misclassification on our results [51]. In this anal-
ysis, we assumed a range of possible values of the sensitivity and specificity of absence classifi-
cation based on conversations with data managers in each school district (S5 Appendix
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Table A and Fig A). For example, in the comparison district, we assumed that the sensitivity of
all-cause absences (the probability that a true absence of any cause was classified as such by the
school district) was most likely to be close to 1 and in very few instances was less than 0.50. In
a simulation, we drew from the distributions of sensitivity and specificity to calculate the bias-
corrected absence rate correcting for possible misclassification under a range of plausible sce-
narios; we repeated this process 1,000 times to obtain distributions of bias-corrected DID esti-
mates (S5 Appendix). We focused on outcome misclassification because exposure
misclassification was highly unlikely, and our DID analysis accounted for measured and time-
invariant unmeasured confounders.

To examine impact across different levels of program participation among the 50 SLIV
intervention schools, we predicted the mean absence rate (Y) setting each school’s value to
each observed level of school participation in SLIV (A) and adjusting for the school-level
covariates student race/ethnicity, the percentage of students in each grade, average enrollment,
mean class size, mean parent education level, percentage of English language learners, percent-
age of students receiving free lunch, mean 2012 Academic Performance Index score, mean
2013 Academic Performance Index score, and mean California Standards Test scores (W)
(Z,E[Y]A = a, W =w]P(W = w)). We used an ensemble machine learning algorithm that flexi-
bly adjusted for covariates correlated with the outcome (p < 0.1) in statistical models. The
algorithm included the following estimation methods: the simple mean, main effects general-
ized linear models, stepwise logistic regression, Bayesian generalized linear models [52], gener-
alized additive models [53], elastic net regression [54], random forest [55], and gradient
boosting [56].

Results
Influenza vaccine coverage

Many measured pre-intervention characteristics were similar in populations residing in the
catchment areas of the intervention and comparison schools (Table 1). The median household
income was lower in the intervention site ($51,849, 95% CI $50,460, $53,238) than the compar-
ison site ($61,596, 95% CI $61,596, $63,530). Comparing the intervention site to the compari-
son site, the proportion black/African American residents was higher (26%, 95% CI 25%, 27%,
versus 17% 95% CI 16%, 18%), and the percentage of Hispanic or Latino residents was lower
(26%, 95% CI 25%, 27%, versus 33%, 95% CI 32%, 35%). The percentage of residents with a
bachelor’s degree or higher was 15% (95% 12%, 17%) in the intervention site and 6% (95% CI
4%, 8%) in the comparison site.

In March 2017, field staff disseminated 8,121 surveys in 22 schools in OUSD and 10,054
surveys in 22 schools in WCCUSD (S2 Fig). The response rates were 28% (N = 2,246 surveys)
in OUSD and 38% in WCCUSD (N = 3,824). One school in OUSD withdrew, and we excluded
its matched pair from analyses comparing the 2 districts. In March 2018, the same schools
were invited to participate, and the response rates were similar. In each survey, 32%-40% of
respondents had a higher than high school level of education; the education level among sur-
vey respondents was lower than in the school district catchment areas as a whole (Table 1),
which included households that participated in this survey as well as those whose children
attended private schools. Approximately 22%-27% of respondents’ primarily language spoken
at home was Spanish. The most common student race/ethnicity was Latino (36%-41% in
intervention; 50%-51% in comparison), followed by Asian (22%-25% in intervention; 16%—
17% in comparison) and black/African American (16% in intervention; 10% in comparison).

Influenza vaccination coverage (from any source) among K-5 elementary students did not
differ statistically between the intervention and comparison districts in the first 2 years of the
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Table 1. Pre-intervention characteristics of the population in the school district catchment areas.

Characteristic Intervention (95% CI) | Comparison (95% CI)
Median household income (dollars) 51,849 (50,460, 61,596 (59,662,
53,238) 63,530)
Households below the poverty level (%) 21 (20, 22) 15 (13, 16)
Highest education level (%)
Less than high school 16 (15, 18) 14 (12,17)
High school graduate 24 (21, 26) 30 (25, 34)
Some college or associate’s degree 46 (43, 48) 50 (46, 55)
Bachelor’s degree or higher 15 (12, 17) 6(4,8)
Children attending kindergarten in private versus public schools
(%)
Public 87 (81,92) 86 (80, 92)
Private 13 (8,19) 14 (8, 20)
Children attending grade 1-4 in private versus public schools (%)
Public 89 (86, 92) 84 (79, 88)
Private 11 (8, 14) 16 (12, 21)
Children attending grade 5-8 in private versus public schools (%)
Public 89 (86, 91) 87(83,91)
Private 119, 14) 13 (9, 17)
Race (%)
White 41 (40, 42) 48 (47, 50)
Black or African American 26 (25,27) 17 (16, 18)
Asian 16 (16, 17) 19 (18, 20)
Other race 9 (8,10) 8(7,9)
Native Hawaiian and other Pacific Islander 1(0,1) 0(0,1)
2 or more races 6(6,7) 6(5,7)
Hispanic or Latino ethnicity (%) 26 (25, 27) 33 (32, 35)

Data from the 3-year 2013 American Community Survey subset by school district boundaries.

https://doi.org/10.1371/journal.pmed.1003238.t001

SLIV intervention but was higher in the intervention district in the latter 2 years of the inter-
vention. In relation to the comparison district, influenza vaccination coverage in the interven-
tion district was 7% (95% CI 4%, 11%; p < 0.001) higher in influenza season 2016-2017 and
11% (95% CI 7%, 15%; p < 0.001) higher in season 2017-2018; differences were statistically
significant (Table 2). Standardizing vaccination coverage by student race and parent education

Table 2. Caregiver-reported influenza vaccination coverage among elementary school students during the school-located influenza vaccination intervention

period.

Season Intervention Comparison Intervention minus comparison®, percent (95% CI) p-Value
N Percent (95% CI) N Percent (95% CI)

2014-2015° 2,246 59 (56, 63) 3,824 64 (61, 67) -5 (-9, -1) 0.017

2015-2016" 2,246 68 (65, 70) 3,824 66 (64, 68) 1(-2,4) 0.416

2016-2017° 2,246 64 (61, 67) 3,824 56 (54, 59) 7 (4,11) <0.001

2017-2018° 2,421 64 (60, 69) 4,086 53 (51, 56) 11 (7,15) <0.001

*Difference in percentage vaccinated adjusting for student race and caregiver education level. All confidence intervals were calculated using robust standard errors

accounting for clustering at the school level.

"Influenza vaccination was reported by caregivers in March 2017.

“Influenza vaccination was reported by caregivers in March 2018.

https://doi.org/10.1371/journal.pmed.1003238.t002
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produced similar results (S3 Fig). The percentage of elementary students vaccinated for influ-
enza at school was 14% in 2014-2015, 23% in 2015-2016, 24% in 2016-2017, and 26% in
2017-2018 (S4 Fig; S2 Table). The majority of students not vaccinated at school were vacci-
nated at a doctor’s office or health clinic. In 2014-2015 and 2015-2016, seasons when IIV and
LAIV were available, 48%-52% of students received IIV and 12% of students received LAIV in
the comparison site, and 36%-39% of students received IIV and 19%-23% of students received
LAIV in the intervention site (S5 Fig; S3 Table). When adjusting for school-level characteris-
tics, influenza vaccination coverage did not vary by the percentage of students participating in
SLIV in each school (S6 Fig).

Influenza hospitalization

In the 3 influenza seasons before the intervention, the age-standardized incidence of influ-
enza-related hospitalization was similar between the intervention and comparison districts
(Fig 3). In 2014-2015 and 2015-2016, the incidence of influenza hospitalization was not statis-
tically different between the intervention and comparison districts in any age group (Fig 3; S4
Table). In 2016-2017 and 2017-2018, hospitalization incidence was lower in the intervention
versus comparison district in all age groups. Among non-elementary-aged individuals (0-4 or
>13 years), the DID in the cumulative incidence of influenza hospitalization was —17 (95% CI
-30, —4; p = 0.008) in 2016-2017 and —-37 (95% CI —54, —19; p < 0.001) in 2017-2018 (Fig 3;
S4 Table) in the intervention versus comparison district. Among individuals aged at least 65
years, the DID in the cumulative incidence of influenza hospitalization was —73 (95% CI -147,
1; p =0.054) in 2016-2017 and —160 (95% CI —267, —53; p = 0.004) in 2017-2018 (Fig 4; S4
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Fig 4. Total and indirect effects on cumulative incidence of inpatient laboratory-confirmed influenza during influenza season. Cumulative
incidence of laboratory-confirmed influenza hospitalization (including intensive care unit admissions) during influenza season. Difference-in-
differences estimates represent the difference between intervention and control groups in their change in incidence from the 3 pre-program influenza
seasons (2011-2013) to each program season, which removes any time-invariant differences between groups (measured or unmeasured). The left y-
axis presents the difference-in-differences in the cumulative incidence per 100,000. The right y-axis presents the difference-in-differences in the total
hospitalizations, which was calculated as the product of the difference-in-differences in the cumulative incidence and the population of the
intervention site. For both y-axes, triangles represent indirect effects and circles represent overall effects. Parameters were estimated using a log-linear
Poisson model with an offset for population size, and were further adjusted for age, race, and sex. Standard errors and 95% confidence intervals were
obtained using the delta method. We defined influenza season based the percentage of medical visits for influenza-like illness in California as reported
by the California Department of Public Health. Influenza season started when there were at least 2 consecutive weeks in which the percentage of
medical visits for influenza-like illness exceeded 2.5%, and the season ended when there were at least 2 consecutive weeks in which the percentage was
less than or equal to 2.5%.

https://doi.org/10.1371/journal.pmed.1003238.9004
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Table). Results were similar in analyses restricted to the peak week of influenza hospitalization
(S7 Fig).

Among all ages and across all 4 influenza seasons, the mean DID in length of influenza hospi-
talization was approximately 1 to 2.5 days lower in the intervention district versus the compari-
son district (S8 and S9 Figs). The incidence of influenza-related intensive care unit admissions
was lower in the intervention site than in the comparison site in seasons 2014-2015, 2015-2016,
and 2016-2017 and was similar in season 2017-2018 (S10 Fig). The influenza-related mortality
rate was slightly higher in the intervention site before the intervention and was lower in the
2014-2015, 2015-2016, and 2017-2018 influenza seasons (S11 Fig). However, for all intensive
care unit and mortality estimates, 95% confidence intervals for district-specific estimates over-
lapped. Our sensitivity analyses using alternative population denominators, influenza case defi-
nitions, and influenza season definitions yielded similar results overall (S12 and S13 Figs).

School absenteeism

In the 3 years prior to the Shoo the Flu program, during influenza season, the mean absence
rate per 100 days in the intervention versus comparison district was 4.85 versus 5.84 for all-
cause absences and 2.84 versus 2.81 for illness-specific absences (S5 Table). The DID in mean
illness-specific absence rate per 100 days was —0.16 (95% CI —0.54, 0.23; p = 0.425) in 2014-
2015 and —0.34 (95% CI -0.78, 0.10; p = 0.130) in 2015-2016 (Fig 5; S5 Table). In 2016-2017
and 2017-2018, the DID in illness-specific absence rate per 100 days was lower in the interven-
tion district compared to the comparison district (2016-2017 DID —0.63 [95% CI —1.14, —0.13;
p =0.014]; 2017-2018 DID —0.80 [95% CI —1.28, —0.31; p = 0.001]). The reduction in total ill-
ness-specific student absences during influenza season was 3,538 (95% CI 709, 6,366; p = 0.014)
in 2016-2017 and 8,249 (95% CI 3,213, 13,285; p = 0.001) in 2017-2018 in the intervention dis-
trict. For all-cause absences, the DID estimates during influenza season were not statistically sig-
nificant in any years of the program. During the peak week of the influenza season, there was
evidence of larger reductions in illness-specific absence rates in 2014-2015, 2016-2017, and
2017-2018, and there was a significant reduction in all-cause absences in 2017-2018 (S5 Table).
Our sensitivity analyses using alternative influenza season definitions were consistent with the
primary analysis (514 Fig). Mean absence rates were not associated with the percentage of stu-
dents in each school that participated in Shoo the Flu in 2014-2015 and 2015-2016. In 2017-
2018, the school-level SLIV participation rate was associated with a modest reduction in the
mean absence rate when adjusting for potential school-level confounders (S15 Fig).

We performed a negative control time period analysis, estimating DID outside influenza sea-
son, when we did not expect the intervention to affect absence rates. Overall, we did not see an
effect on all-cause absences outside of influenza season. However, there were statistically signifi-
cant reductions in illness-specific absences outside of influenza season in influenza seasons
2015-2016, 2016-2017, and 2017-2018 (S16 Fig), suggesting that differential measurement error
may have impacted the primary analysis. We explored the influence of outcome misclassification
on our findings with a probabilistic bias analysis under assumed distributions of sensitivity and
specificity of outcome classification. We found that the majority of bias-corrected DID estimates
in 2016-2017 and 2017-2018 indicated a reduction in both types of absences in the intervention
district (S5 Appendix Figs B and C). These findings suggest that outcome misclassification was
not strong enough to alter the scientific inferences in our primary analysis of absenteeism.

Discussion

Here, we evaluated the impact of a city-wide SLIV intervention delivered to 95 or more ele-
mentary schools per season in a diverse, predominantly low-income city. During the first 2
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Fig 5. Intervention effects on the school absence rate per 100 school days during influenza season. In (A), each difference-in-differences estimate compares the
difference in mean absence rate in each district in a program influenza season compared to the 3 pre-program seasons (2011-2013); in (B), each difference-in-differences
estimate compares the difference in total absence rate, which was calculated by multiplying difference-in-differences in mean absences by the total enrollment and total
number of school days during influenza season each season. Difference-in-differences parameters remove any time-invariant differences between groups (measured or
unmeasured). Parameters were estimated using a generalized linear model and were adjusted for month, student race, and grade. Standard errors and 95% confidence
intervals account for clustering at the school level. We defined influenza season based the percentage of medical visits for influenza-like illness in California as reported by
the California Department of Public Health. Influenza season started when there were at least 2 consecutive weeks in which the percentage of medical visits for influenza-
like illness exceeded 2.5%, and the season ended when there were at least 2 consecutive weeks in which the percentage was less than or equal to 2.5%. Note: in 2011-2012,
2016-2017, and 2017-2018, the peak week of the percentage of influenza-like illness visits in California was the last week of December, which coincided with school
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breaks, so for the absentee analysis we shifted the peak week definition to the week before or after the school break (when both school districts were in session) that had the

higher percentage of influenza-like illness visits.

https://doi.org/10.1371/journal.pmed.1003238.g005

years of SLIV, the program offered LAIV, which had low effectiveness [57,58], and on the
whole, we did not observe associations between SLIV and hospitalization or absence rates in
those years. In the 2016-2017 and 2017-2018 influenza seasons, when the intervention deliv-
ered IIV and the vaccine was moderately effective [40,59], we observed an association between
SLIV and reduced illness-related school absences and reduced hospitalizations among age
groups not targeted by SLIV, suggesting that the intervention produced indirect effects.

Unique strengths of our study design include the use of multivariate matching and a DID
approach to minimize systematic differences between the intervention and comparison sites
and the prespecification of our statistical analysis plan [60]. Evaluating SLIV over multiple
years enabled us to examine the impact of SLIV in influenza seasons with different levels of
vaccine effectiveness, vaccine recommendations, and circulating strains of influenza. Further-
more, this study leveraged 3 distinct, independent data sources that provided internally consis-
tent results.

The SLIV intervention was associated with increases in influenza vaccination coverage of
up to 11 percentage points among elementary school students in the intervention site versus
the comparison site. This increase in vaccination coverage is smaller than those reported in
prior SLIV studies, which ranged from 7 to 41 percentage points. However, in most prior stud-
ies, coverage at baseline or in the comparison group was substantially lower than 50%
[16,17,19,21,23-25,33], while in our study it was 53%-66%. It may be more difficult for SLIV
to substantially increase coverage at moderate pre-intervention coverage levels. In addition,
the switch from LAIV to IIV in the third year of the Shoo the Flu intervention may have inhib-
ited larger increases in coverage because many children and/or caregivers prefer the nasal
spray generally and in a school setting, and media coverage of poor LAIV effectiveness may
have increased vaccine hesitancy for all influenza vaccine formulations. In the comparison
site, the 10% reduction in vaccination coverage between 2015-2016 and 2016-2017, when
LAIV was discontinued, was on par with the approximately 12% of students reported by care-
givers to have been vaccinated with LAIV in 2014-2015 and 2015-2016 in that site (S5 Fig; S3
Table). Yet, vaccination coverage in the intervention district grew relative to the comparison
district over time, in part because the comparison district coverage did not recover from the
decline associated with the switch from LAIV to IIV vaccines. It is possible that coverage in the
intervention district will continue to grow in future years as the intervention builds trust and
recognition.

A key question is whether SLIV interventions increase vaccination coverage among stu-
dents who would otherwise not be vaccinated, whether they merely shift vaccination location
from healthcare providers to schools, or whether both occur. Interventions that vaccinate chil-
dren who would otherwise not be vaccinated will have the largest impact on influenza trans-
mission. Our findings suggest that both phenomena may have occurred in this study.
Coverage was higher in the intervention versus comparison district in the final 2 years of the
evaluation, suggesting that children who otherwise would not have been vaccinated were vac-
cinated by the SLIV intervention. In addition, the proportion of students vaccinated at school
in the intervention district (24%-26% in the latter 2 years [S4 Fig]) exceeded the difference in
coverage between districts (7%-11%). While we cannot definitively determine what the vacci-
nation coverage levels would have been in the intervention site in the absence of the SLIV
intervention, these findings suggest that approximately 15% of students vaccinated by the
SLIV intervention may otherwise have been vaccinated through other means. A limitation is
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that pre-intervention vaccination data were not available, so we were not able to conduct DID
analyses to account for any pre-SLIV differences in vaccination coverage between districts.

Influenza vaccination coverage in the Shoo the Flu intervention site was 64%, which was up
to 11% higher than in the comparison site and well within the 50%-70% range in which herd
immunity is expected [9,10]. We observed reductions in influenza hospitalization among non-
elementary-school-aged community members in seasons with moderate vaccine effectiveness
(54 Table). Indirect effects were strongest among individuals aged 65 years or older—the age
group most vulnerable to influenza hospitalization and mortality. The magnitude of indirect
effects we observed is similar to those of other SLIV interventions [20,21,31-33] and of inter-
ventions vaccinating children at any location [61]. In addition, our results are highly consistent
with mathematical models, which project that an increase from 40% to 60% coverage in chil-
dren aged 6 months to 18 years would reduce influenza hospitalization among adults 19-64
years of age by 36% and adults 65 years or older by 33% [14]. Our findings suggest that even
modest increases in vaccination (i.e., up to 11%) associated with SLIV can produce meaningful
community-wide reductions in influenza hospitalization, consistent with mathematical mod-
els [62].

This analysis is subject to several limitations. First, although the reductions in illness-spe-
cific school absences we observed were of a similar magnitude to those reported in prior stud-
ies [16-19,26-28], our finding of significant differences in absence rates outside of influenza
season suggests that our absentee results may be subject to differential misclassification. It is
possible that school-year- and school-district-specific differences unrelated to the SLIV inter-
vention could explain these findings. For example, district-specific policies to decrease
absences around school breaks (some of which coincide with influenza season) or at the begin-
ning or the end of the school year (which is included in our negative control time period analy-
sis) may have impacted our estimates in an unknown direction, especially if they differed
before and during the SLIV intervention. In addition, parents may have attributed illness
absences to a different reason, and such misclassification could have varied by district. Our
probabilistic bias correction analysis suggested that correcting for misclassification would not
change our conclusion that the SLIV intervention reduced illness-specific absences in 2016-
2017 and 2017-2018.

Second, given that the SLIV intervention was delivered city-wide, it was not possible to con-
duct a randomized trial. The matched cohort design minimized differences in measured con-
founders between the intervention and comparison site, and DID analyses controlled for
measured and unmeasured time-invariant confounding. Nevertheless, unmeasured time-
dependent confounding could still bias this observational design. For example, the first year of
the SLIV intervention coincided with the rollout of the preventive benefits of the Affordable
Care Act, which may have jointly affected healthcare utilization and vaccination patterns in
the study region.

Third, our vaccination coverage estimates relied on caregiver reporting, which is subject to
inaccurate recall and low response rates. Prior studies report that caregiver recall of child influ-
enza vaccination in the past season has a sensitivity of 88%-92% and a specificity of 82%-90%
compared to medical records [63-65]. Coverage estimates for 2014-2015 and 2015-2016 may
be more vulnerable to measurement error because they rely on a 2- to 3-year recall period.
Opverall, our vaccination coverage estimates were consistent with caregiver-reported national
and California-specific estimates from the Centers for Disease Control and Prevention [11,66].
Nevertheless, it is possible that caregiver recall in the intervention district differed from that in
the comparison district; the presence of the SLIV intervention may have increased parents’
likelihood of accurately recalling their child’s vaccination status. It was not possible to validly
compare our results to coverage estimates from the California Immunization Registry because
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prior to and during the SLIV intervention, many local vaccine providers did not consistently
enter data into the registry as there is no mandate to do so in California, and there were differ-
ences in reporting rates between providers in the intervention and comparison site.

Finally, we did not have a direct measure of laboratory-confirmed influenza incidence in
elementary school children or influenza vaccination coverage estimates among non-elemen-
tary-aged individuals; thus, it remains possible that factors other than the SLIV intervention
could explain our findings. We were not able to link individuals between different data sources
because personal identifiers were not available to us. Nevertheless, high levels of internal con-
sistency across results from 3 independent data sources lend credence to the validity of our
findings.

Conclusions

Offering SLIV to all elementary schools in a large, urban district was associated with 7%-11%
increases in vaccination, which were followed by meaningful reductions in illness-specific
absences among school children and community-wide influenza hospitalization among those
not targeted by the program, including the elderly, in 2016-2017 and 2017-2018. Our findings
suggest that even modest increases in influenza vaccination above moderate coverage levels
are associated with broad community-wide benefits.
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