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Abstract

Background.—Several observational studies have shown decreases in measured influenza
vaccine effectiveness (mVE) during influenza seasons. One study found decreases of 6-11%/
month during the 2011-2012 to 2014-2015 seasons. These findings could indicate waning
immunity but could also occur if vaccine effectiveness is stable and vaccine provides partial
protection in all vaccinees (“leaky”) rather than complete protection in a subset of vaccinees. Since
it is unknown whether influenza vaccine is leaky, we simulated the 2011-2012 to 2014-2015
influenza seasons to estimate the potential contribution of leaky vaccine effect to the observed
decline in mVE.

Methods.—We used available data to estimate daily numbers of vaccinations and infections with
A/HIN1, A/H3N2, and B viruses. We assumed that vaccine effect was leaky, calculated mVE

as 1 minus the Mantel-Haenszel relative risk of vaccine on incident cases, and determined the
mean mVE change per 30 days since vaccination. Because change in mVE was highly dependent
on infection rates, we performed simulations using low (15%) and high (31%) total (including
symptomatic and asymptomatic) seasonal infection rates.

Results.—For the low infection rate, decreases (absolute) in mVE per 30 days after vaccination
were 2% for A/H1N1 and 1% for A/H3N2and B viruses. For the high infection rate, decreases
were 5% for A/HIN1, 4% for A/H3, and 3% for B viruses.

Conclusions.—The leaky vaccine bias could account for some, but probably not all, of the
observed intraseasonal decreases in mVE. These results underscore the need for strategies to deal
with intraseasonal vaccine effectiveness decline.
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Several observational studies have found a decline in measured influenza vaccine
effectiveness (mVE) during influenza seasons [1-4]. In part because protective antibody
levels decline over time, it is often assumed that, in the absence of antigenic drift, decreasing
mVE is related to waning immunity. However, even if vaccine effectiveness (VE) is stable,
mVE can decrease if (1) the vaccine effect is “leaky” (ie, provides partial protection in all
vaccinees rather than complete protection in some vaccines) and (2) mVE is estimated from
risk measures (eg, relative risk, odds ratio) that include prior cases in risk denominators [5—
10]. Delaying vaccination to be closer to the influenza season may be warranted if observed
declines in mVE are due to waning immunity [11-13], but would not be helpful if they are
due to leaky vaccine effect. Thus, assessing the potential contribution of leaky vaccine effect
to declines in mVE has important policy implications.

Vaccine effectiveness has different meanings depending on the assumed mechanism of
vaccine effect. Figure 1 shows 3 possible effect mechanisms—all assume a VE of 50%.

If vaccine protection is “all-or-none” (Figure 1A), half of those vaccinated have complete
protection and the others have none. For a leaky vaccine (Figure 1B), all vaccinees’ risk of
infection is reduced by 50% per exposure. For the third option (Figure 1C), vaccine provides
variable degrees of risk reduction—in this example following a B distribution. A simple
example (Figure 2) assumes 50% VE and 50% exposed per time period. For all-or-none
vaccine, at time 0 there are 1000 susceptible unvaccinated persons and 500 immune and

500 susceptible vaccinees; in each time period, one-half of susceptibles become cases and
mVE remains at 50%. For leaky vaccines, all vaccinees are at risk but infection risk is
reduced by half to 25% per time period and mVE declines to —13% at time 3; infections

in vaccinees number 250 at time 0, 188 at time 1, and 141 at time 3 (vs 250, 125, and 63
among all-or-none vaccines). Cumulative cases are higher for leaky than all-or-none vaccine
(579 vs 438).

Since it is unknown whether influenza vaccine is leaky, we estimated the potential
contribution to observed decreases in mVE that could occur if this vaccine were leaky.

We created a simulation model of vaccine effect and infection specific to influenza and
identified variables affecting changes in mVE during an influenza season. We then compared
the changes in mVE observed in a study of the 2011-2012 to 2014-2015 seasons [1] with
changes that would be expected if vaccine effect were leaky under a range of assumptions.

METHODS

Input Data

We simulated data for 4 seasons (2011-2012 to 2014-2015) and 4 age groups (9-17

years, 18-49 years, 50-64 years, and =65 years). We started with numbers of symptomatic
cases per month estimated from hospitalization data as previously described [14] (Table

1) and smoothed the data using the locally weighted scatterplot smoother (LOESS)
procedure to simulate cases per day (Supplementary Material 1). Since the proportion of
influenza infections that are symptomatic has been estimated to be in the range of 25—
50% (Supplementary Material 2) [22-27], we multiplied symptomatic infections by 2-4 to
estimate total infections (symptomatic and asymptomatic). This resulted in total infection
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rates of 15-31% per season, which is in the range reported in the literature [23, 24, 28-30].
We used a similar procedure for vaccinations, starting with numbers of vaccinations per
month obtained from survey data [15] and producing estimated numbers of vaccinations per
day based on smoothed curves.

Simulation Model

We created a model with 3 viruses (A/HIN1, A/H3N2, and B) and 3 mechanisms of vaccine
effect (Figure 1). Unvaccinated persons were considered completely susceptible to infection.
Detailed specifications for the model are shown in Supplementary Material 3 and the SAS
program (SAS Institute, Cary, NC) in Supplementary Material 4. In brief, we created a
dataset with 1 record for each combination of never vaccinated or day vaccinated, number
of contacts per day (see next paragraph), and immune level 14 days after vaccination,
distributing 1 million susceptible persons among these records. For each of 273 days during
the season, we assigned cases to the dataset records in proportion to the number of persons
remaining uninfected, contacts per day, and immune level if vaccinated.

Heterogeneity of exposure to infection, occurring because people have widely varying
numbers of contacts with other persons per day, is known to affect mVE [6, 9]. To simulate
this effect, we used 2 different patterns of heterogeneous exposure based on data from 2
studies that counted contacts per person per day (Supplementary Material 5) [21, 31]. We
assigned numbers of contacts per day to appropriate proportions of people in our simulated
dataset.

Calculation of mVE

We distinguished between “VE” (the parameter describing vaccine-induced reduction in
infection risk) and “mVE” (vaccine effect measured using a specified method at a specified
time during the season). Calculations of mVE were done separately for each virus (A/H1N1,
A/H3N2, and B). For each day, “vaccinated” included those who had received vaccine and
“unvaccinated” included those who had not (some might receive vaccine on a later day).
“Cases” included those who became infected on that day and “noncases” included those
who did not (some were infected either before or after that day). To calculate changes in
mVE over time, we determined deciles of case occurrence by day since vaccination. For
each decile, we calculated the Mantel-Haenszel relative risk of vaccine in 2-by-2 tables
conditioned on calendar day, and either stratified by or conditioned on season and age. For a
decile d1-d2 days (d1 and d2 represent day numbers, such as 100-125 d) after vaccination,
we compared risk among those vaccinated d1-d2 days prior with those not yet vaccinated.
We calculated mVE as 1 minus the relative risk. To account for the vaccine lag effect,

we excluded those vaccinated in the prior 13 days. We calculated the change in mVE per

30 days using a linear regression model with 1 record for each decile, outcome variable
mVE, and explanatory variable mean day since vaccination in the decile. We multiplied the
regression coefficient by 30 to obtain mean mVE change per 30 days.

Preliminary Simulation With Single Virus, Season, and Age Group

To understand the separate effects of key parameters, we used a typical distribution of
cases and vaccinations per day taken from the 50- to 64-year-old age group during the 2013-
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2014 season and assumed that all cases were caused by a single virus. We first performed

a baseline simulation and then additional simulations varying parameters. The baseline
(range) parameter values were arbitrarily chosen to illustrate the effects over a wide range:
cumulative seasonal infection rate of 25% (12.5-50%), vaccine coverage of 50% (20-80%),
and VE of 50% (20-80%). We performed calculations based on homogeneous exposure (all
persons have the same number of contacts per day), for the 2 patterns of heterogeneous
exposure and for the all-or-none, leaky, and variable vaccine mechanisms.

Simulation of 2011-2012 to 2014-2015 Influenza Seasons

For comparison with a prior article [1], we estimated the magnitude of mVE decline
potentially attributable to leaky vaccine effect during the 2011-2012 to 2014-2015 seasons.
We partitioned the number of cases per day into 3 virus categories (A/H1IN1, A/H3N2, and
B) using virus/season/week/age-group—specific proportions based on virologic surveillance
data (Table 1) [20].

We used virus/age-group—specific mean seasonal mVE values adapted from published
studies (Table 1, Supplementary Material 6) [16—19]. Published VE values represent the
mean of mMVE over an influenza season. We used an iterative process to estimate VE values
at season start that would result in the mean seasonal VE given that VE could change during
the season due to leaky or variable vaccine effects (Supplementary Material 3, step 22). We
performed simulations for each of the 16 season/age-group combinations and combined the
results weighted by US population.

We first performed simulations assuming no reinfections in a given season. However,

the leaky vaccine effect occurs because cases are removed from the susceptible pool,

and therefore reinfections during a season will influence results. We therefore repeated
calculations allowing reinfections with a different virus—that is, a person initially infected
with an A/H3N2 virus could be reinfected with an A/H1N1 or B virus but not an A/H3N2
virus. While there may be nonspecific inhibition of reinfection for days or weeks following a
first infection [32, 33], we did not account for this effect, reasoning that our results spanned
the range of possibilities (ie, no reinfections vs immediate reinfections). We calculated the
proportion of mVE change potentially attributable to the leaky or variable mechanism by
dividing mVE changes found in simulations by the observed declines in mVE in a prior
article [1]. Since confidence limits for observed mVE decline were not reported in the prior
article, we calculated them using bootstrap methods.

Calculations were done using SAS version 9.4 (SAS Institute). Data for this study were
received in aggregate form without personal identifiers from publicly available sources,
pre-existing research projects with human subjects’ approval, and public health surveillance
systems that have been determined to not require human subjects review.

For the baseline simulation (infection rate, 25%; vaccination coverage, 50%; VE, 50%;
no exposure heterogeneity) mVE remained stable at 50% for the all-or-none mechanism
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but decreased to 42% for the variable mechanism and to 41% for the leaky mechanism
(Figure 3). Variation in parameters from the baseline simulation showed that change in mVE
was strongly related to seasonal infection rate, with minimal change (less than —1%) when
infection rate was 12.5% compared with a —3.9% (variable) to —4.5% (leaky) change for

an infection rate of 50% (Figure 4). Measured VE also declined more for heterogeneous
exposures and higher values of VE and vaccine coverage. In all simulations, declines in
mVE were greater for the leaky than for the variable mechanism.

Simulation of 2011-2012 to 2014-2014 Influenza Seasons

We first assumed that only 25% of cases are symptomatic, and thus that the total infection
rate was 4 times the symptomatic rate (Table 1). This resulted in total infection rates varying
from 9% to 54% among season/age categories (pooled rate 31% for all seasons and ages
combined) and represented a high estimate of infection rate and thus a high estimate of leaky
vaccine effect. Among the season/age-group categories, change in mVE per 30 days since
vaccination varied from —8.6% to —0.3% for A/H1N1 viruses, —12.6% to —0.5% for A/H3N2
viruses, and —7.2% to —0.4% for B viruses. When data were combined by seasons, minimal
changes in mVVE were seen in 2011-2012 when the infection rate was low (mVE change,
-0.9% to —0.5%). Larger changes occurred in 2012-2013 and 2013-2014 when infection
rates were higher (mVE change, —6.9% to —3.4%). Although infection rates were substantial
in 2014-2015, VE was low for the predominant A/H3N2 viruses, resulting in moderate
changes in mVE (-2.7% to —1.3%).

Next, for comparison with the observed mVE change [1], we evaluated the effects of varying
the total infection rate from 15% to 31% for all ages/seasons combined (Table 2). Higher
infection rates were associated with greater decreases in mVE. For the leaky mechanism
with no reinfections for A/HIN1 viruses, mVE change was —4.6% for the higher versus
-1.7% for the lower rate; decreases were smaller for the variable mechanism (-4.2% to
-1.6%) and when reinfections were allowed (-3.7% to —1.5%). Similar trends were noted
for the A/H3N2 and B viruses. When reinfections were allowed, reinfections comprised
5.2-9.9% of total infections.

Finally, we determined the proportion of MVE change observed in a prior study [1] that
could be accounted for by leaky or variable vaccine mechanisms (simulated mVE/observed
mVE) (Table 2). For the leaky mechanism without reinfections and total infection rate of
31%, simulated mVE change comprised 48% (—4.6%/-9.7%) of the observed change for
A/H1IN1, 53% (—3.8%/-7.2%) for A/H3, and 42% (—2.7%/-6.5%) for B viruses. Across all
infection rates, simulated declines accounted for 16-53% of the observed change for the
leaky mechanism without reinfections, 15-49% for the variable mechanism, and 3-38% for
the leaky mechanism with reinfections.

DISCUSSION

It is known that if a vaccine is leaky (ie, decreases the per-exposure risk of infection but
does not provide absolute protection) mVE calculated by commonly used methods will
decrease over time even if VE is stable [5-7]. However, our simulations suggest that leaky
vaccine effect would likely account for only a portion of the decrease in mVE found in
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a recent observational study [1]. Our simulation model identified key parameters, most
importantly infection rate, affecting changes in mVE associated with the leaky vaccine
mechanism. While the observational study showed decreases in mVE per month of 6.5—
9.7%, we estimate absolute decreases in mVE due to leaky vaccine effect of less than 1% to
4.6%. Declines of a magnitude comparable to those in the observational study occurred only
at very high (ie, 48-54%) simulated infection rates (Table 1).

Among parameters affecting declines in mVE, total (symptomatic and asymptomatic)
infection rate had the greatest effect. Decline in mVE is also associated with heterogeneity
of exposure to infection, higher rates of vaccine coverage, and (within a certain range)
higher VE values. There was great variability in leaky vaccine effect, with mVE changes
per 30 days varying from -13% to —0.3% among season/age-group/virus combinations
(Table 1). Thus, the mix of ages and seasons included has great effect. Our simulations
intentionally include a maximal estimate of mVE change by assuming a low (25%)
percentage symptomatic and thus a high total infection rate. A decrease in mVE will be
absent or lower if the infection rate is lower, any reinfections occur, or the vaccine effect is
all-or-none, variable or a mixture of mechanisms.

In addition to the leaky mechanism, we also simulated a “variable” mechanism under

which vaccinees experience a varying vaccine effect, which we represented with the
distribution. We found mVE declines that were smaller with the variable mechanism than the
leaky mechanism. A variable mechanism seems more biologically plausible, but the leaky
mechanism is computationally easier and produces a maximal estimate of mVE decrease.
Additionally, the variable mechanism requires choices, such as of distribution and shape
parameters, which may affect results.

Reinfections during an influenza season are uncommonly reported and few data are available
on their frequency [34, 35]. We considered the possibility of reinfection with a different
virus and found that this reduced the leaky vaccine decline in mVE. This occurs because the
leaky vaccine effect is produced by depletion of susceptibles from prior infection; however,
if reinfections with another virus can occur, prior infection depletes those susceptible to the
first infecting virus but not to other viruses, and thus the effect of leaky vaccine is reduced
but not eliminated. Viral interference probably inhibits reinfection for days or weeks after

a first infection [32, 33], but we did not account for this. Instead, we present 2 extremes

(no reinfections vs reinfections allowed immediately after a first infection) that span the
range of possibilities. In our simulations that assumed a leaky vaccine, 5-10% of infections
were reinfections, which are at the low range of the few values reported in the literature
(Supplementary Material 2) [34].

We used a traditional analysis comparing risk among all vaccinated versus unvaccinated
persons, but other approaches are possible [7]. Most studies are unable to remove prior
cases (which are generally unknown) from denominators when calculating mVE. As in
this study, including prior cases as uninfected persons in comparisons of vaccinated versus
unvaccinated will produce decreasing mVE if vaccine effect is leaky or variable. However,
some study designs allow for ascertainment of all cases (by serology or frequent sampling)
so that prior cases could be removed from calculations; such an approach can produce a
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stable mVE if vaccine is leaky but an increasing mVE over time if the vaccine effect is
all-or-none [7, 36]. Ray et al [37] recently suggested that limiting analysis to vaccinees who
were vaccinated before substantial numbers of cases have occurred prevents bias caused by
leaky vaccine and related effects; reanalysis of their data using this method continued to
show decreasing mVE, suggesting true waning rather than leaky vaccine or other artifact.

The primary limitation in this study is uncertainty in input values, especially the proportion
of cases that are asymptomatic (subclinical) and thus total infection rate. There is also
uncertainty in estimated numbers of symptomatic cases and vaccinations [14]. Varying

input values among the range of possibilities leads to widely varying estimates of the
potential contribution of the leaky vaccine effect. Confidence limits on mVE change in the
observational study were wide and include many of our simulated mVE changes (Table 2,
footnote). However, our aim was not to test statistical significance but to determine how the
magnitude of the observed VE decline compares with that expected if vaccine were leaky.
We assumed that all persons were susceptible at the beginning of the season, but many will
have pre-existing immunity due to prior infections and vaccination. We assumed that vaccine
works by reducing infections, but it may also, or instead, act by reducing severity of illness
[38] and thus case detection. We did not consider mixed (ie, some proportion all-or-none and
others leaky) vaccine effects or the possibility of antigenic drift during an influenza season.

While it is not known whether the influenza vaccine mechanism is leaky, the possibility

that leaky vaccine effect could account for observed decreases in mVE creates uncertainty
[5, 39]. Our simulations suggest that a leaky vaccine mechanism would likely account for
only some of the observed decline in mVE. Approaches to improving late-season protection
could include production of vaccines with higher VE or more durable protection as well as
changes in timing of vaccine administration. The Centers for Disease Control and Prevention
recommends that influenza vaccination be received by the end of October, noting that “early
vaccination (ie, in July and August) is likely to be associated with suboptimal immunity
before the end of the influenza season” [40]. While delaying vaccination until later in the
fall is a possibility [3, 11], this strategy might result in some people not getting vaccine or
getting it too late to prevent early-season illness [13]. Our results underscore the need to
better understand factors contributing to and devise strategies to deal with intraseasonal VE
decline [12].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Distributions of vaccine protection for 3 mechanisms of vaccine effect that yield vaccine
effectiveness of 50%. A, All-or-none: 50% of vaccinees are completely susceptible (no
reduction in risk of infection per exposure) and 50% completely protected (0% risk of
infection per exposure). B, Leaky: All vaccinees have a 50% reduction in risk per exposure.
C, Variable protection, here represented with a B distribution: Vaccinees have a reduction in
risk per exposure ranging from >0% to <100% (mean, 50%).
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Figure 2.
Example calculations for all-or-none versus leaky vaccine mechanisms. Rectangles denote

noncases; ovals denote incident cases; numbers denote numbers of people. Vaccine
effectiveness is 50%: 50% are exposed per time period; all exposed susceptibles are infected:;
and those previously infected are immune. For all-or-none vaccinees, 50% are susceptible,
and 50% of these are infected per time period. Among leaky vaccinees, all are 50%
susceptible, and 25% (= 50% susceptible x 50% exposed) are infected per time period,
resulting in 250 (1000 x 0.25) infections at time 0, 188 (750 x 0.25) infections at time 1, and
141 (563 x 0.25) infections at time 3. Abbreviations: mVE, measured vaccine effectiveness;
Risk,, risk among unvaccinated; Risky, risk among vaccinated; T, time period.
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Figure 3.

Measured influenza vaccine effectiveness by vaccine mechanism and days since vaccination.
Values were simulated using the seasonal pattern of vaccinations and infections from the

50- to 64-year-old age group during the 2013—-2014 season, vaccination coverage of 50%,
vaccine effectiveness of 50%, and seasonal infection risk of 25%.
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Figure 4.
Effect of parameters on absolute change in mVE per 30 days after influenza vaccination.

Baseline simulation values are indicated with an asterisk (*). “Infection rate” indicates

the cumulative percentage infected by end of season. “Heterogeneity” indicates population
variability in numbers of potential exposures per day; “No” indicates homogeneous
exposure; “PM” indicates POLYMOD distribution [21]; and “EA” indicates Eames
distribution (Supplementary Material 5) [31]. Abbreviations: mVE, measured vaccine
effectiveness; VE, vaccine effectiveness.
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