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The efficacy of influenza vaccines varies from one year to the next,
with efficacy during the 2017–2018 season anticipated to be lower
than usual. However, the impact of low-efficacy vaccines at the
population level and their optimal age-specific distribution have
yet to be ascertained. Applying an optimization algorithm to a
mathematical model of influenza transmission and vaccination in
the United States, we determined the optimal age-specific uptake
of low-efficacy vaccine that would minimize incidence, hospitaliza-
tion, mortality, and disability-adjusted life-years (DALYs), respectively.
We found that even relatively low-efficacy influenza vaccines can be
highly impactful, particularly when vaccine uptake is optimally distrib-
uted across age groups. As vaccine efficacy declines, the optimal
distribution of vaccine uptake shifts toward the elderly to minimize
mortality and DALYs. Health practitioner encouragement and con-
certed recruitment efforts are required to achieve optimal coverage
among target age groups, thereby minimizing influenza morbidity
and mortality for the population overall.
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Acentury since the 1918 influenza pandemic killed an esti-
mated 50–100 million people, influenza remains a global

threat. Influenza causes 9.2–35.6 million infections, 140,000–
710,000 hospitalizations, and 12,000–56,000 deaths every year in
the United States alone (1). The rapid evolution of influenza
antigens requires annual reformulation of the vaccine. Exacer-
bating this natural antigenic evolution, viral adaptation may occur
within the chicken eggs used in the manufacture of the inactivated
vaccine (2). In the current 2017–2018 influenza season, such ad-
aptation has reduced the efficacy against H3N2 (3), the strain thus
far dominating the US epidemic (4). The lower vaccine efficacy is
expected to elevate attack rates, as observed in Australia (3, 5).
Compounding the epidemiologic effects of low efficacy, wide-
spread media attention regarding the lower efficacy may discour-
age vaccination uptake. Early reports from the 2017–2018 season
indicate that both mortality and hospitalizations have been more
than twice those reported at a comparable stage of the influenza
epidemiological trajectory during the 2016–2017 season (6).
Randomized controlled trials are the gold standard for mea-

suring vaccine efficacy in terms of the direct individual-level
protection conferred. Mathematical modeling provides a com-
plementary approach through which transmission dynamics can
be simulated and population-level effectiveness of vaccination
programs quantified in terms of key outcome measures. Further,
parameter search procedures can be applied with mathematical
models to evaluate a vast range of potential vaccination pro-
grams across multidimensional programmatic options. This ap-
proach has been used to determine optimal age-specific uptake
for highly efficacious influenza vaccines (7). However, optimized
uptake of relatively low-efficacy influenza vaccines has not yet
been considered despite a range in efficacy during the last de-
cade of from 19% to 60%, with a mean of 45% (8).
We use an age-structured dynamic model of influenza trans-

mission and vaccination to evaluate the effect of influenza vac-
cines with relatively low efficacy, which we define as below the

45% mean. To identify socially optimal vaccine uptake for low-
efficacy influenza vaccines, we applied an optimization algorithm
to our model. We consider both impact and optimal uptake in terms
of minimizing incidence, hospitalizations, deaths, and disability-
adjusted life-years (DALYs). DALYs measure disease burden by
capturing both morbidity and mortality, in which a single DALY
represents 1 lost year of healthy life (9). Our results indicate that as
efficacy declines, optimal uptake to minimize mortality and DALYs
shifts some doses from school-age children and young adults, who
have disproportionately high transmission rates, to the elderly, who
are at greater risk for severe clinical outcomes. We further show that
even for vaccines with lower efficacy, optimal uptake is projected to
substantially reduce incidence, hospitalizations, deaths, and DALYs
compared with projections under typical US vaccine uptake.

Results
We first simulated epidemiological trajectories projected under
age-specific vaccination coverages that are typical in the United
States. We then considered the optimal uptake of 140 million
doses (the average number of doses that have been delivered
annually over the five seasons spanning 2012–2017), equivalent
to a coverage of 43%. Epidemiological outcomes of infections,
hospitalizations, deaths, and DALYs averted were compared
with no vaccination. Specifically, in the absence of vaccination,
about 77 million infections, 470,000 hospitalizations, and 130,000
deaths would be expected during an influenza season.

Significance

The efficacy of the influenza vaccine against the predominant
influenza strain appears to be relatively low during this 2017–
2018 season. Our analyses demonstrate the substantial effect of
even low-efficacy vaccines in averting infections, hospitaliza-
tions, and particularly deaths. Our results also demonstrate that
the health burden resulting from influenza is more sensitive to
changes to vaccination coverage than to changes to vaccine ef-
ficacy. We further determined the uptake distribution of the
140 million doses available that would maximize the effective-
ness of vaccination. Our results inform current public health
policies and underscore the importance of influenza vaccination.
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Compared with no vaccination, we found that typical uptake
of even a low-efficacy vaccine can significantly avert infections,
hospitalizations, deaths, and DALYs (Fig. 1). For example, an
overall coverage of 43% with a 20% efficacy vaccine is projected
to avert 20.99 million infections, 129,701 hospitalizations,
61,812 deaths, and 2.22 million DALYs. Expanding coverage to
50% with the same 20% efficacy vaccine would further reduce
influenza burden by 3.63 million infections, 21,987 hospitaliza-
tions, 8,479 deaths, and 319,921 DALYs. All epidemiological
outcomes, particularly mortality and DALYs, are more sensitive
to changes in coverage than to changes in efficacy (Fig. 1 and SI
Appendix, Fig. S2). For example, with a constant efficacy of 40%,
a drop in coverage from 40% to 20% is projected to result in
39,738 more deaths. In contrast, a drop in efficacy across the same
range at a constant 40% coverage would lead to 28,343 additional
deaths.
When optimally allocated, vaccines with efficacies as low as

20% or even 10% can markedly reduce influenza morbidity and
mortality beyond typical age-specific vaccine uptake. Specifically,
140 million doses of a 20% efficacy vaccine could avert 39.10
million infections, 235,059 hospitalizations, 85,734 deaths, and
3.16 million DALYs when optimized according to the respective
objectives (Fig. 2). Compared with reductions under typical
vaccine uptake, these projections correspond to a 86% greater

effect on incidence, 80% on hospitalizations, 39% on mortality,
and 42% on DALYs.
Across the low-efficacy range from 10% to 45%, incidence and

hospitalizations can be minimized by prioritizing vaccination of
school-age children (5–19 y) and young adults (30–39 y; Fig. 3 A and
B), the groups to which most transmission is attributable. At an
efficacy of 20%, for example, uptake of 62.18 million of the avail-
able 140 million doses by school-age children and 39.30 million
doses by young adults minimizes incidence. Likewise, uptake of
62.18 million and 42.56 million doses by the two age groups mini-
mizes hospitalizations (SI Appendix, Fig. S3). This strategy similarly
minimizes mortality for more efficacious vaccines (Fig. 3C).
For efficacies below 30%, vaccination of school-age children

remains a priority to minimize mortality (Fig. 3C). As efficacy
declines, however, some vaccine uptake shifts from young adults
to the elderly (>65 y). At an efficacy of 45%, for example, op-
timal uptake calls for 94% coverage in young adults. At an ef-
ficacy of 20%, in contrast, optimal coverage in young adults is
reduced to 25%, with a simultaneous boost in the elderly.
We further optimized uptake to minimize DALYs, the com-

bined measure of influenza morbidity and mortality. Above an
efficacy of 25%, vaccination priorities include school-age chil-
dren and young adults, consistent with the other outcome mea-
sures (Fig. 3D). As efficacy is reduced, some vaccine uptake

A B

C D

Fig. 1. Population impact of vaccination on (A) incidence, (B) hospitalizations, (C) mortality, and (D) DALYs when doses of a low-efficacy vaccine are dis-
tributed according to age-specific uptake typical in the United States.

5152 | www.pnas.org/cgi/doi/10.1073/pnas.1802479115 Sah et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802479115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802479115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802479115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1802479115


shifts away from young adults to the elderly. At an efficacy of 45%,
for example, uptake of 42.56 million doses is optimal for young
adults (SI Appendix, Fig. S3). When vaccine efficacy is 20%, the
target uptake for young adults drops to 33.60 million doses, with a
simultaneous increase in the optimal uptake for the elderly to
37.43 million doses. This shift is less pronounced than that ob-
served when minimizing mortality is the exclusive objective. To
minimize mortality, the elderly would optimally receive an addi-
tional 11.81 million doses of a 20% efficacy vaccine compared with
the uptake optimal to minimize DALYs (SI Appendix, Fig. S3).

Discussion
Viral evolution and annual vaccine reformulation generate var-
iable influenza vaccine efficacy across seasons (2, 10). Given the
relatively low efficacy anticipated during the 2017–2018 in-
fluenza season, there is concern that rates of infection will be
significantly elevated. Our results demonstrate that even a low-

efficacy influenza vaccine under age-specific vaccine uptake
typical in the United States can avert considerable incidence,
hospitalizations, mortality, and DALYs, particularly if high cover-
age can be achieved. We further find that mortality and overall
health burden are more sensitive to changes in coverage than to
comparable changes in efficacy. This result highlights how re-
duced motivation to vaccinate could present a greater danger
than low vaccine efficacy itself.
Given current uptake, extensive coverage of the US pop-

ulation remains a distant goal. To help bolster vaccination im-
pact, public health officials may target vaccination campaigns
and outreach to specific groups, with the goal of minimizing
adverse consequences for the population overall. To identify
effective targets, we determined the optimal distribution of the
140 million vaccine doses typically available in the United States.
Our results indicate that optimized distribution of even a rela-
tively low-efficacy vaccine can avert millions of infections and
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Fig. 2. Comparisons of the impact of low-efficacy influenza vaccines between optimal age-stratified uptake of 140 million vaccine doses and typical age-
specific vaccine uptake. Uptake was optimized to avert (A) incidence, (B) hospitalizations, (C) deaths, and (D) overall disease burden, measured by DALYs.
Error bars represent SEM.
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DALYs, as well as thousands of hospitalizations and deaths,
beyond reductions garnered by the age-specific pattern of uptake
typical in the United States.
At vaccine efficacies above 30%, transmission reduction is the

most effective approach to minimizing all measures of influenza
morbidity and mortality. Targeting school-age children and young
adults, both age groups with disproportionately high transmission
rates, confers indirect protection throughout the population. The
elderly are at heightened risk for both hospitalization and death,
but immunological response to influenza vaccines tends to be
weaker in this age class. As a consequence, protection via herd
immunity is more effective than direct protection when vaccine
efficacy is above 30%. This finding is consistent with our previous
analyses (7). As referenced, our prior modeling predictions
prompted a randomized trial (11) and field studies (12), both of
which confirmed the substantial community-level effect of vacci-
nating children. Citing the randomized trial (11), the Advisory
Committee on Immunization Practices began recommending in-
fluenza vaccination for children (13). Since then, local public
health agencies initiated school-located programs, demonstrated
to be epidemiologically effective and economically sustainable
(14–16). These implementations highlight the translation of
modeling analyses to improve preventative health. However, nei-
ther modeling nor empirical studies had been conducted to

evaluate population-level effectiveness of strategies deploying low-
efficacy influenza vaccines.
As efficacy declines, optimal strategies diverge depending on

the objective of the vaccination program. To minimize both in-
cidence and hospitalizations, targeting school-age children and
young adults (30–39 y) remains the most effective strategy across
the efficacy range considered. To minimize mortality, the potential
for vaccination-mediated herd immunity to provide indirect pro-
tection is diminished as efficacy declines. As a consequence, the
optimal approach to minimize mortality shifts toward direct
vaccination of the elderly because of their greater case fatality
rate. Optimization to avert DALYs is accomplished by an uptake
distribution intermediate to those under the exclusive incidence,
hospitalization, and mortality objectives. Specifically, the shift
toward direct vaccination of the elderly occurs below an efficacy of
25% compared with 30% for minimizing mortality. This in-
termediate uptake distribution to minimize DALYs is consistent
with the composite nature of the DALYmeasure, which takes into
account both morbidity and mortality caused by a disease (17).
In most of the scenarios examined, vaccination in school-age

children and in adults aged 30–39 y should be prioritized.
However, uptake among adults younger than 50 y has been as
low as 33% during the last 5 y spanning the 2012–2013 to 2016–
2017 seasons. Increasing vaccination uptake among this group is

A B

C D

Fig. 3. Optimal age-stratified coverage of 140 million doses of a low-efficacy vaccine to minimize (A) incidence, (B) hospitalizations, (C) mortality, and (D)
overall disease burden, measured in Disability Adjusted Life Years (DALYs). Bar widths are proportional to the size of each age group. Bar heights correspond
to the median of 1,000 optimization runs.
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likely to be challenging because of their comparatively lower
personal protective benefit. Nonetheless, it has been found that
altruism can be harnessed to boost vaccination uptake by em-
phasizing the protective role of young adults with regard to their
children, parents, and other elderly family members (18–21).
Health provider recommendation, email reminders from health
maintenance organizations, workplace incentivization, and opt-
out scheduling of vaccination appointments are also influential
in promoting vaccination (22–25). These efforts can be aug-
mented by improving the accessibility of vaccination; for in-
stance, through active recruitment at convenient locations such
as pharmacies, retail establishments, community centers, work-
places, and schools (14, 16, 25, 26). When herd immunity is
anticipated to be inadequate to protect the elderly, our results
highlight the importance of making an extra effort to encourage
vaccination uptake in this age class. Complementary to such
efforts would be administering vaccines with efficacy augmented
by adjuvants or high dosage (27). Augmented vaccines are rec-
ommended for the elderly by the Canadian National Advisory
Committee on Immunization (28), but supplies are limited in the
United States and are not preferentially recommended by the
Advisory Committee on Immunization Practices (29).
Until an efficacious universal influenza vaccine is developed,

responsive vaccination policies based on projected efficacy will
be fundamental to minimize influenza morbidity and mortality.
Given that optimal uptake is relatively robust for vaccine effi-
cacies above 25%, early indications of unusually low efficacy are
integral to an adaptive coverage strategy. The influenza season in
the South Hemisphere, which occurs about 6 mo before that in
the Northern Hemisphere, serves as a source for preliminary
estimates of vaccine efficacy. In the 2017–2018 season, for ex-
ample, concern about low efficacy initially arose from observa-
tions in Australia (3, 5). Early estimates may also derive from
phylogenetic analysis of strains selected for vaccine production
and the influenza strains with rising incidence during late sum-
mer in the United States (30). Likewise, sequence comparisons
of the vaccine viruses before and after replication in the eggs
used in manufacture could help identify egg adaptation in anti-
genic regions that could degrade efficacy (10).
Our results demonstrate that vaccines can have substantial epi-

demiological impact even when efficacy is low. The lower the re-
productive number of an infectious disease, the more sensitive its
epidemic size is to small changes in vaccination coverage. As a
consequence, even a vaccine with low efficacy can have an appre-
ciable effect on influenza incidence and population-level burden.
Furthermore, in all scenarios considered, an optimized distribution
of vaccines would substantially improve outcomes compared with
the typical age-specific vaccination uptake in the United States.

Methods
To optimize age-specific uptake of low-efficacy influenza vaccines, defined as
vaccines with an efficacy below the empirical mean of 45% (31), we extended
our previous model of influenza transmission and vaccination (7). Our ex-
tended model was stratified into seven age groups: 0–4, 5–19, 20–29, 30–39,
40–49, 50–65, and 65 years and older, parameterized from US census data.

Influenza transmission was simulated within and between these age groups,
using a dynamic SEIR (susceptible, exposed, infected, removed) framework
that integrates an empirically determined contact network (32). Specifically,
people susceptible to influenza had a risk for exposure that depended on
the prevalence of infections at a given time in the epidemiological trajec-
tory, age-specific contact mixing (32), and per contact transmission rate (β).
We used the incidence, vaccine efficacy, and vaccination coverage for each
year from 2010–2011 to 2015–2016 reported by the Centers for Disease
Control and Prevention (31, 33, 34) to calculate the annual R0 values (SI
Appendix, Table S2). The median R0 for these years was 1.222, to which we
calibrated our model. We also took into account the age-specific risks for
clinical outcomes, including hospitalization and death. For example, very
young children have an elevated risk for hospitalization, whereas the elderly
have greater risks for both hospitalization and death.

The probability that a vaccinated individual would be protected from
infection depended on baseline vaccine efficacy, κ, and relative age-specific
immunocompetency to mount a protective response, θa. Thus, the number
of vaccinated people for whom the vaccine does not take, and who are con-
sequently susceptible to influenza infection, was calculated as ð1− κθaVaÞ,
where Va is total number of vaccinated people in age group a. We also took
into account that if a vaccinated individual of a specific age is infected, the
hospitalization and case fatality rate is lower than if an unvaccinated indi-
vidual of the same age is infected. Distributions of these age-specific vaccine
efficacy parameters were parameterized from a meta-analysis of case control
studies and randomized trials (35, 36). Other epidemiological, immunological,
and clinical parameters were also derived from empirical distributions (SI Ap-
pendix, Table S3). From these distributions, we drew sets of values to pa-
rameterize 1,000 simulations for each vaccine efficacy considered.

We first evaluated the population effect of vaccination when doses are
distributed according to typical age-specific uptake in the United States.
Typical age-specific vaccine uptake in the United States was estimated by
averaging empirical data during the last 5 y (37). We computed impact with
regard to four outcomes: incidence, hospitalizations, mortality, and DALYs.

DALYs correspond to the sumof years livedwith disability and years of life lost
from each infection and death, respectively. Years of life lost quantify the gap
between age at death and life expectancy (38). Life expectancies for each age
group were derived from Centers for Disease Control and Prevention life tables
(39). For years lived with disability, the disability weight assigned to influenza
by the Global Burden of Disease study was applied to uncomplicated cases (40).
We considered four age-specific clinical complications (SI Appendix, Table S4):
acute respiratory distress syndrome, pneumonia, otitis media, and acute otitis
media leading to long-term hearing impairment (41, 42). Patients with acute
respiratory distress syndrome and pneumonia were considered likely to be
hospitalized. Lifelong disability was associated with acute respiratory distress
syndrome, and a 2-wk disability was associated with pneumonia (43). Other
hospitalized patients were assigned the disability weight corresponding to se-
vere respiratory infection (40). Otitis media was assumed to be an outpatient
complication, with a probability of long-term hearing impairment (41, 42).

We used an iterative parameter search procedure (SI Appendix, SI
Methods) to determine the optimal age-specific distribution of 140 million
vaccine doses, the number available averaged over the last five seasons from
2011–2012 to 2016–2017 (44) and corresponding to 43% overall coverage.
Minimization of four health outcomes was evaluated, each independently:
incidence, hospitalizations, mortality, and DALYs. We compared the epide-
miological effectiveness of optimal uptake to typical age-specific vaccine
uptake in the United States, with the typical population coverage of 43%.
Further methodological detail is provided in the SI Appendix.
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