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The influenza season in Australia usually peaks in August. Vaccination is recommended beginning in
March-April. Recent studies suggest that vaccine effectiveness may wane over a given influenza season,
leading to reduced effectiveness at the peak of the season. We aimed to quantify how changes in timing of
influenza vaccination and declining vaccine coverage could change the percentages of prevented cases.
Results from a systematic review were used to inform calculation of a waning function over time from

vaccination. Age specific notification data and vaccine effectiveness and coverage estimates from 2007 to
2016 (2009 influenza pandemic year excluded) were used to model a new notification series where vac-
cine effectiveness is shifted in time to account for delayed vaccination by month from March to August. A
sensitivity analysis was done on possible vaccine coverage changes and considering time gap between
vaccine uptake and recommendation.
Delaying vaccination from March to end of May prevents more cases over a season, but the variation in

cases prevented by month of vaccination is not large. If delaying vaccination results in missed or forgot-
ten vaccination and decrease coverage, delaying vaccination could have a net negative impact.
Furthermore, considering a time gap between recommendation and uptake, earlier recommendation is
more effective in preventing cases. The results are sensitive to assumptions of intra-seasonal waning
of effectiveness. More research is required on intra-seasonal vaccine effectiveness waning and the effect
of delayed vaccination on overall uptake to inform any potential changes to current vaccine scheduling
recommendations.

� 2019 Elsevier Ltd. All rights reserved.
1. Background

Seasonal influenza results in significant morbidity and mortal-
ity worldwide [1]. On average, there are more than 18,000
influenza-attributable hospitalisations annually in Australia, with
the highest disease burden among the elderly and young children
[2–8]. The influenza season occurs in the southern hemisphere in
winter and usually peaks in August [2,9,10].

Influenza vaccines are the most effective means of preventing
influenza [11]. Two factors are crucial for prevention: vaccine
effectiveness (VE) and vaccination coverage (VC) [12]. High VC
can induce herd immunity, an additional protection provided to
unvaccinated individuals in a population as the result of disease
transmission being interrupted by the vaccinated fraction of the
population [13].

In Australia it is recommended to receive the annual influenza
vaccination as soon the vaccine becomes available, typically in
early autumn (March-April). Currently national recommendations
are for all people over 6 months of age, with vaccine available free
to high risk groups such as those aged 65 and over, under the
National Immunisation Program [14,15]. However, influenza vac-
cine uptake is sub-optimal [16] and vaccine effectiveness is gener-
ally moderate and variable [17–23].

There is a growing body of evidence suggesting that influenza
vaccine effectiveness may decrease significantly within a single
influenza season [17,24–30]. The magnitude of this phenomenon
may depend on which influenza virus type predominates in a given
season [24,25,29,31]. A systematic review of test-negative studies
evaluating the change in vaccine effectiveness over time within a
single influenza season, which included a meta-analysis of vaccine
effectiveness at 15–90 days post-vaccination compared to
91–180 days post-vaccination, showed a statistically significant

http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2019.08.069&domain=pdf
https://doi.org/10.1016/j.vaccine.2019.08.069
mailto:v.costantino@unsw.edu.au
mailto:mallory.trent@unsw.edu.au
mailto:mallory.trent@unsw.edu.au
mailto:r.macintyre@unsw.edu.au
https://doi.org/10.1016/j.vaccine.2019.08.069
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine


V. Costantino et al. / Vaccine 37 (2019) 6768–6775 6769
decline in vaccine effectiveness for influenza A/H3 (33%) and influ-
enza B (19%), but not influenza A/H1 (8%, non-significant) [31].
Waning vaccine effectiveness may also be more pronounced in
the elderly due to immunosenescence [24,25,32]. The evidence of
waning vaccine protection has been mixed, as some studies have
observed only slight decreases in vaccine effectiveness within a
single influenza season [33,34]. For instance, a test-negative study
in the US observed no significant difference in vaccine effective-
ness between 15 and 90 days post-vaccination and 91–180 days
post-vaccination [34].

While several studies have explored vaccine effectiveness, little
research has been done to determine the optimal timing of influ-
enza vaccine administration, accounting for intraseasonal waning.
One surveillance study across four influenza seasons in Spain
attempted to determine whether late season vaccination, com-
pared to early season vaccination, resulted in decreased odds of
hospital admission for influenza. This showed that late vaccinators
had lower odds of hospital admission, but only when influenza A
(H3N2) is the predominant strain [24]. The effect of changing vac-
cine timing on both intra-seasonal waning and vaccine uptake at
population level, on prevention of influenza has not yet been fully
investigated.

In this study we aimed to model the effectiveness of vaccination
by assuming vaccination being effective from each month in the six
months range from March to August for an average Australian
influenza season, using assumptions of intra-seasonal waning.
We also aimed to determine the effect of reduced VC associated
with delayed vaccination uptake and explored results on delaying
recommendation when considering a time gap between vaccine
recommendation and uptake [35,36].
2. Methods

2.1. Data

Data used were from 2007 to 2016, with 2009 excluded because
this was a pandemic year. We used monthly age-specific labora-
tory confirmed notifications (NyðtÞ) available from the Australian
website NNDSS [37] for two age groups, <65 and 65+. For each year
we used estimation of vaccine effectiveness in Australia adjusted
for circulating strains and recipient age (VEy) [23,38,39]. We used
vaccine coverage in Australia for each year as estimated in [16],
(VCy) specific for age groups <65 and 65+ years old. Estimates were
available for each year for the 65+ age group, however for the <65
age group, coverage was estimated until 2012 and where not avail-
able, we assumed it to be the same as for 2012 (this apply to 2013–
2016). We applied this assumption based on a literature suggesting
on average in Australia the coverage for each year in that age group
is around 30% [40], in addition, coverage in >65 s has stayed quite
constant in that time. Averaged over the nine influenza seasons,
the coverage is 32% and 73% for <65 and 65+ respectively, and
these values were used in the study. Finally, for vaccine effective-
ness waning percentage over time from vaccination, we used
results from a systematic review [31], which found a waning of
33% for A(H3N2), 19% for B and 8% for A(H1N1). Waning was found
at 4–6 months following vaccination, but not in the first three
months. We used 0% waning for A(H1N1) as no statistically signif-
icant waning was found. To consider a monthly delayed coverage
from recommendation we used monthly uptake data from US
[41] as Australian one was not available.
2.2. Model

To obtain a monthly waning function for each year (WyðtÞ)),
firstly we calculated the weighted average for each strain, using
33% for A(H3N2), 19% for B and 0% for A(H1N1). Results of the
annual weighted average between strains is showed in Table 1.
The 2007 was a severe A(H3N2) season, for which we did not have
data for the proportion of each strain, so for this year we assumed
the same waning as in another severe A(H3N2) season, 2012. The
systematic review [31] showed waning effectiveness after 4–
6 months following vaccination, therefore, we attributed the wan-
ing percentage found to the middle point of the interval (at
5 months following vaccination). We had the value of the waning
function, WyðtÞ, for month t = 1 (Wy 1ð Þ ¼ 0% maximum effective-
ness in the first month following vaccination) and t = 5 (last col-
umn of table 1) following vaccination for each year. We used a
linear decline over months from vaccination and obtained the
waning function by month for each year WyðtÞ, with
y = 2007,2008,2010 to 2016 and t = 1,. . .,12.

To get a time dependent vaccine effectiveness (VEy(t), where t
is months from vaccination), from the available yearly estimates
(VEy), we applied the waning functions to each yearly effectiveness
as follows:

VEy tð Þ ¼ VEy � ð1�WyðtÞÞwith
y ¼ 2007;2008;2010 to 2016 and t ¼ 1; � � � ;12 ð1Þ

We then used vaccine coverage and effectiveness to get the pro-
portion of prevented cases from vaccination for each year as

Py Trð Þ ¼ VCy Trð Þ � VEyðtÞ ð2Þ
where Tr is the month of vaccination recommendation. To obtain a
new incidence series (notification data) N0yðtÞ from the available
notification data NyðtÞ, to have comparator epidemic data without
any vaccination effect (baseline scenario), we used the estimates
proportion of prevented cases from vaccination to remove the
vaccination effect as:

N
0
y tð Þ ¼ NyðtÞ=ð1� PyðTrÞÞ with

y ¼ 2007;2008;2010 to 2016 and t ¼ 1; � � � ;12 ð3Þ
Due to the luck of Australian estimates for coverage by month,

to compute the new notification series, we assumed in the base
case scenario that people would get vaccinated by April, which is
the standard timing for Australia’s vaccine recommendation. How-
ever, a different coverage assumption is explored in the sensitivity
analysis.

Finally, we used this base case scenario without vaccination
effect to add the effect of vaccination for the 6 different vaccination
scenarios (where the vaccine induce immunity is achieved in
March, April, May, June, July or August) as follows

N
0 0
y tð Þ ¼ N

0
y tð Þ � ð1� PyðTr0ÞÞ ð4Þ

where the vaccine effectiveness is adjusted for a monthly shift in
time (t’) for each month from March to August as

Py Trð Þ ¼ VCy Trð Þ � VEyðt0Þ ð5Þ
where t’ = t + d and d depends from the number of months we delay
the vaccine uptake

We show results for 6 different vaccination scenarios: vaccina-
tion induced immunity being achieved in March, April, May, June,
July or August; and results are shown as the number of prevented
notified cases. Results are shown as time to achieve vaccine effec-
tiveness, given that seroconversion and immunity occurs on aver-
age 2–3 weeks after vaccination, depending on recipient age.

2.3. Sensitivity analysis

We conducted a sensitivity analysis on monthly waning per-
centage of vaccination effectiveness and decreasing coverage, to
test the possible trade-off between reduced waning and reduced



Table 1
Percentage of waning vaccine effectiveness between first month and 5th month following vaccination, weighted for each year between the proportion of each circulating strain
(table shows number of cases and proportion for each strain and year).

Year A(H1N1) (0%) A(H3N2) (33%) B (19%) weighted waning (%_y)

2007 28.67%
2008 1329 (15%) 2578(29%) 4899 (56%) 20.23%
2010 11,173 (84%) 815 (6%) 1304 (10%) 3.89%
2011 15,246 (57%) 4305 (16%) 7249 (27%) 10.44%
2012 1334 (3%) 32,041 (73%) 10,394 (24%) 28.67%
2013 12,322 (45%) 5038 (18%) 10,200 (37%) 13.06%
2014 32,140 (48%) 26,255 (40%) 7940 (12%) 15.36%
2015 10,135 (10%) 28,881 (29%) 60,212 (61%) 21.13%
2016 28,640 (32%) 50,904 (55%) 9594 (13%) 20.89%
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vaccine coverage. To test the results sensitivity to monthly per-
centage of VE waning, we kept coverage constant in each scenario
and halved the waning. To test the results in the case of changing
coverage, we decreased it by 5% and 2%monthly respectively for 65
+ and <65, while delaying vaccination. Those two values were cho-
sen based on the coverage value changing over years, due to the
lack of estimates we chose reasonably possible values and did a
sensitivity analysis to find the threshold values for coverage drop,
that when crossed, resulted in a negative impact in delaying vacci-
nation uptake. We compered the number of prevented cases in
each scenario with the assumption of 75% and 30% coverage in
March, 70% and 28% in April, and so on until 50% and 20% coverage
in August, respectively for 65+ and <65 age group. Furthermore,
previous results are showed for an ideal situation in which we
assumed that the proportion of the population vaccinated every
year gets the vaccination in a month window following recommen-
dation. This assumption was made to show the net impact of vac-
cine waning effectiveness and decreasing vaccination coverage in
an ideal situation. However, we did a sensitivity analysis to explore
a more realistic scenario in order to include the delay between the
recommendation timing of vaccination and the actual vaccination
uptake timing. In this scenario, the estimated annual coverage in
each age-group is reached at the end of the season, with a monthly
distribution of new vaccinated cohorts coming in every month
from the vaccine recommendation uptake. In absence of Australian
monthly coverage data for influenza vaccination, we used US sea-
sonal coverage distribution from September to August estimated
in 2017–2018 season for the age groups 18–64 and 65+ (41),
adapted to the Australian season fromMarch to February (Table 2).
In this scenario, we used the estimates of annual vaccine coverage
Table 2
Percentages of monthly increasing cumulative coverage and incremental monthly
coverage of the total proportion of the estimated vaccinated population for each year
at the end of the season.

US monthly
season from
vaccine
availability

Australian
season
adaptation from
vaccine
availability

<65 Cumulative
(incremental)
proportion of
total coverage

65+ Cumulative
(incremental)
proportion of total
coverage VCy Trð Þ

September March 19% (19%) 22.3% (22.3%)
October April 56.3% (34.3%) 63.6% (41.3%)
November May 75.6% (19.3%) 81.9% (18.3%)
December June 83% (7.4%) 87.7% (5.8%)
January July 90.1% (7.1%) 93.3% (5.6%)
February August 95.9% (5.8%) 96% (2.7%)
March September 97.7% (1.8%) 98% (2%)
April October 99% (1.3%) 99% (1%)
May November 100% (1%) 100% (1%)
June December 100% (0%) 100% (0%)
July January 100% (0%) 100% (0%)
August February 100% (0%) 100% (0%)
by months Tr from vaccine recommendation (VCy Trð Þ) and the
obtained monthly vaccine effectiveness (VEyðtÞ), by time t from
vaccination to obtain the proportion of prevented cases by vaccina-
tion in each months from the start of vaccine recommendation as:

Py Trð Þ ¼
XTr�1

i¼0

VCy Tr � ið Þ � VEyðiþ 1Þ with i ¼ 1 � � �11; ð2Þ

Where the yearly prevented cases can be expressed as the sum
of monthly prevented cases as

Py ¼
X12

Tr¼1
PyðTrÞ ð2aÞ

Or can be expressed as the sum of each newmonthly vaccinated
cohort from the recommendation month as

Py ¼
X12

Tr¼1
½VCy Trð Þ �

X12�ðTr�1Þ
t¼1

VEyðtÞ� ð2bÞ
We showed results for an averaged influenza notification series

and vaccination effectiveness waning (averaged over the 9 years
data).

3. Results

During the period between 2007 and 2016 (excluding the pan-
demic influenza season in 2009), the annual influenza season took
place between July and October, with peaks around mid-August.

Defining the start season as the month in which the number of
influenza notification contributed >5% of the total influenza cases
for that season, there were only two early seasons (2011 and
2012) which started in the first month of winter (June), and two
late season which peaked in the first month of spring (September),
2008 and 2010 (Fig. 1); however, the peak did not occur earlier
than August in any year.

Vaccine effectiveness changes depending on vaccine match
each year as well as vaccine waning depending on circulating
strains (Fig. 2). Fig. 2 shows that 2007 had the fastest decline in
time from vaccination due to A(H3N2) being the predominant
strain. In years where the predominant strain was A(H1N1), such
as 2010, 2014 or 2016, vaccine effectiveness declined less over
time from vaccination.

Fig. 3 shows the average cases without any vaccination (blue
line) and for all the other scenarios with vaccination delivered in
each month fromMarch to August. Fig. 4 shows the results as num-
ber of prevented cases for each vaccination timing scenario, with
more cases prevented with later vaccination. As showed in Fig. 3,
delaying vaccination will fail to prevent cases early in the season,
however it will be more effective in preventing cases closer to
the peak. The difference between cases without intervention (blue
line in Fig. 3) and cases with vaccination by month of the season is
listed in Table 2, while the total number of prevented cases for the
entire season (TOT in the table) is shown by age-group in Fig. 4.



Fig. 1. Percentages of the annual total notification number by month for each year, NNDSS [35].

Fig. 2. Vaccine effectiveness waning over time from vaccination for each year from linear interpolation of the values at month 1 and 5.

Fig. 3. Average notification of cases without any vaccination (blue line) and for all the other scenarios with vaccination effectiveness achieved in each month from March to
August. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Number and % of prevented cases by age group (<65 and 65 + ) and total, by varying month of vaccination from March to August.
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Due to higher coverage in the 65+, this age group has higher
prevention of influenza. Table 3 shows number of cases prevented
by month for each vaccination scenario for the total population.
The highest number of cases prevented is if vaccination starts to
be effective in June and July, which makes May/June the optimal
month for vaccination, considering 2–3 weeks for vaccine
response. Fig. 4 shows the number and percentage of prevented
cases in each age group, and the total population.

3.1. Sensitivity analysis

Fig. 5 shows the prevented cases if delayed vaccination results
in decreasing coverage. If coverage decreases 5% and 2% each
Table 3
Prevented cases each month for an average Australian season within each vaccination sce

Month of initial vaccine protection Prevented cases by month from January to De
(where average number of total cases withou
1 2 3 4 5 6

March 0 0 189 219 231 432
April 0 0 0 233 248 468
May 0 0 0 0 264 505
June 0 0 0 0 0 541‘
July 0 0 0 0 0 0
August 0 0 0 0 0 0

Fig. 5. Number and % of prevented cases by age group (<65 and 65 + ) and total, by varyi
2% each month starting in April with a baseline of 75% and 30% coverage respectively fo
month respectively for the age groups 65+ and <65 years, earlier
vaccination is favoured. Furthermore, when considering a time
gap between vaccination recommendation and uptake with the
inclusion of a monthly incremental coverage from the recom-
mended month, we found that earlier recommendation for vaccine
uptake is more effective in preventing influenza cases (Fig. 6).

4. Discussion

Under assumptions of waning immunity, varying the time of
vaccination affects the prevented fraction of influenza, but reason-
able population protection is achieved at all time points. We found
that delayed vaccination may be more optimal than early
narios, for total population.

cember for an average season for the total population
t vaccination is 50899)

Total cases prevented

7 8 9 10 11 12

1127 2459 1545 401 159 105 6867
1231 2694 1695 440 176 117 7302
1335 2929 1845 480 192 128 7678
1439 3164 1995 519 209 140 8006
1543 3399 2145 558 226 151 8021
0 3633 2295 597 242 162 6930

ng month of vaccination from March to August, with decreasing coverage by 5% and
r 65 + and <65 age group in March.



Fig. 6. Number and % of prevented cases by age group (<65 and 65 + ) and total, by varying month of vaccination recommendation from March to August, with monthly
distributed coverage in 9 months’ time-window.
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vaccination, if vaccination coverage remains constant. The average
notification peak in Australia is in August, with early or late varia-
tion from this peak occurring occasionally. As such, a person vacci-
nated in March is facing a period of 5–6 months between
vaccination and peak of influenza circulation. We found that vacci-
nation protection starting to be effective in June and July will pre-
vent the highest number of cases, however considering that it
requires about 2 to 3 weeks for immunological response to the vac-
cine, May is the optimal time to get vaccinated in Australia, which
is 2–3 months later than the usual recommended time for vaccina-
tion and 2 months before the seasonal peak. However, if delaying
vaccination results in missed vaccinations and decrease coverage,
delaying vaccination could have a net negative impact. Further-
more, if a time- gap is considered between vaccination recommen-
dation and uptake, earlier recommendation is more effective.

Importantly, we did not find a large difference in cases pre-
vented between months of vaccination and if coverage drops by
5% for the 65+ and 2% for the <65 per months, earlier vaccination
prevents more cases. A recommendation to delay vaccination
should not be taken lightly, as this may reduce vaccine coverage,
and may the vaccine uptake is delayed from the recommendation
month. In addition, for individuals at high risk of complications of
influenza, if delay increases the risk of missing or forgetting vacci-
nation altogether, it is preferable to get vaccinated as soon as
feasible.

Waning varies by strain of influenza, with the least waning
observed with A(H1N1). During a predominant A(H1N1) season
[31], there is unlikely to be any benefit to delaying vaccination.
The benefits of delaying would be increased for predominant A
(H3N2) seasons, which demonstrates the most waning [37]. How-
ever, it is unlikely to be practical to make decisions on timing dur-
ing an unfolding season, based on the predominant strain.

There are some limitations to this study. While the results are
particularly sensitive to the monthly waning, it should be noted
that the evidence around waning is not extensive, subject to uncer-
tainty and with inconsistent results across time from vaccination,
age and influenza strain. Most studies which have examined wan-
ing found decreased effectiveness after 3–6 months from vaccina-
tion [17,27,31], however the amount of waning found was more
than 36% in Europe [27] and less than 20% in Australia and UK
[17]. In the US, one study found that risk of influenza increased
12% for every two weeks since vaccination [25], whilst another
found only a small reduction in vaccine effectiveness starting from
6 months from vaccination [34]. Furthermore, we assumed a linear
dependency between vaccine effectiveness and time from vaccina-
tion, however it is not known the relationship between the two.
We used annual coverage data for each age group, but it would
have been more accurate if Australian monthly coverage was used,
however these data are not available in Australia. VE data used in
the model is based largely on the performance of standard trivalent
inactivated influenza vaccines (TIVs) which were the predominant
vaccines used till 2015. From 2016 quadrivalent influenza vaccines
(QIVs) replaced TIVs [42] in Australia, which have better vaccine
effectiveness. Furthermore, results are shown for an average
between 9 seasons and an individual influenza season can vary
considerably in strain prevalence. Furthermore, from 2018 high
dose and adjuvanted TIV were registered and funded for 65+
instead of standard TIV, which improves protection against influ-
enza in older people [43].

This study has several strengths. We estimated the waning
function specifically for each year based on the proportion of each
strain circulating over 9 years, so that we could estimate an aver-
aged waning effect. We analysed two age groups have different
coverage separately. There are no previous studies that have mod-
elled timing of vaccination but a study that looked at vaccine wan-
ing [24] found that delayed vaccination achieved higher protection
during the season.

Finally, although this study suggests that administering influ-
enza vaccine closer to the peak of the season may give higher over-
all protection for the entire season, influenza seasons can vary
considerable in length, start and peak time, which makes it difficult
to estimate the exact time to be vaccinated. The percentage of pre-
vented cases between vaccination scenarios varies only of 2.27%
between the lowest and the highest effective month, which sug-
gests careful consideration of risk and benefit of delaying vaccina-
tion. To implement a flexible, responsive vaccination timing policy
would require excellent and highly sensitive early season influenza
surveillance and predictive tools to forecast the predominant strain
and severity of a given season and most importantly it will require
an effort to keep high coverage rates if the time window for vaccine
uptake is shortened. This area needs further investigation, and
research is required on intraseasonal VE waning for QIVs and high
dose TIVs using age specific and monthly coverage data, to inform
any potential changes to current vaccine recommendations.

In conclusion this study found that, delaying vaccine uptake to
May/June, when considering vaccine effectiveness waning, will
prevent more influenza cases, however if coverage decreases ear-
lier uptake is more effective. Furthermore, vaccine uptake not
essentially corresponds with vaccine recommendation, indeed if
a time gap is considered between the two, delaying the recommen-
dation month for vaccination can have a negative impact on the
number of cases prevented.
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Summary

Vaccine effectiveness has been found to wane over a season,
therefore we aimed to estimate the most effective vaccination time
for an average Australian influenza season. Our study suggests that,
if the coverage remains constant, delaying vaccination to May/June
will prevent more cases overall the influenza season in Australia.
However, if coverage decreases or a time gap is considered
between vaccine recommendation and actual uptake, delaying rec-
ommendation can have a net negative impact.
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