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Background. Antibody titers to influenza hemagglutinin (HA) and neuraminidase (NA) surface antigens in-
crease in the weeks after infection or vaccination, and decrease over time thereafter. However, the rate of decline
has been debated.

Methods. Healthy adults participating in a randomized placebo-controlled trial of inactivated (IIV) and live-
attenuated (LAIV) influenza vaccines provided blood specimens immediately prior to vaccination and at 1, 6, 12,
and 18 months postvaccination. Approximately half had also been vaccinated in the prior year. Rates of hemaggluti-
nation inhibition (HAI) and neuraminidase inhibition (NAI) titer decline in the absence of infection were estimated.

Results. HAI and NAI titers decreased slowly over 18 months; overall, a 2-fold decrease in antibody titer was
estimated to take >600 days for all HA and NA targets. Rates of decline were fastest among IIV recipients, explained
in part by faster declines with higher peak postvaccination titer. IIV and LAIV recipients vaccinated 2 consecutive
years exhibited significantly lower HAI titers following vaccination in the second year, but rates of persistence were
similar.

Conclusions. Antibody titers to influenza HA and NA antigens may persist over multiple seasons; however, anti-
genic drift of circulating viruses may still necessitate annual vaccination. Vaccine seroresponse may be impaired with
repeated vaccination.

Keywords. antibody persistence; hemagglutinin; immune correlates; influenza; influenza vaccine; longevity of
antibody; neuraminidase; serologic assays; waning.

Influenza vaccines are the best tool currently available
to reduce the risk of influenza infection and associated
complications. These vaccines have long been evaluated
based on the antibody response they elicit, particularly
to the viral hemagglutinin (HA) [1, 2]. The HA and
neuraminidase (NA) glycoproteins are the 2 major sur-
face antigens of the influenza virus and facilitate infec-
tion, replication, and viral shedding [3]. Antibodies are
produced against both antigens in response to infection
or vaccination. HA antibody levels have been shown to

correlate with protection against infection by influenza;
antibodies to NA may also correlate with protection as
well as reduced severity of illness [4–8].

Antibody titers to influenza HA increase in the weeks
after infection or vaccination, and decrease over time
thereafter; although the rate of HA titer decline has
been the subject of some debate. Due to concern of rap-
idly declining HA titers following vaccination, there
were recommendations in the United States from
1990 through 2006 to delay vaccination in the elderly
until just before the influenza season [9, 10]. After this
recommendation was abandoned in 2007, a review was
published suggesting that vaccine-induced HA respons-
es were maintained at high levels in persons ≥60 years
of age for at least 4 months [11, 12].

Another past observation concerning HA antibody
was reduced seroresponse with repeated vaccination
[13–16], but with no definitive effect on vaccine effec-
tiveness (VE) established [17, 18].More recently, several
observational studies have noted lower VE among those

Received 3 April 2015; accepted 21 May 2015; electronically published 26 May
2015.

Presented in part: IDWeek, Philadelphia, Pennsylvania, 8–12 October 2014.
Correspondence: Joshua G. Petrie, MPH, Epidemiology, University of Michigan

School of Public Health, 1415 Washington Heights, Ann Arbor, MI 48109-2029
( jpetrie@umich.edu).

The Journal of Infectious Diseases® 2015;212:1914–22
© The Author 2015. Published by Oxford University Press on behalf of the Infectious
Diseases Society of America. All rights reserved. For Permissions, please e-mail:
journals.permissions@oup.com.
DOI: 10.1093/infdis/jiv313

1914 • JID 2015:212 (15 December) • Petrie et al

mailto:jpetrie@umich.edu
mailto:journals.permissions@oup.com


who were also vaccinated in the previous season [19–25], and
higher VE among those with limited vaccination history com-
pared to regular vaccinators [26]. Some studies have also dem-
onstrated residual protection extending from vaccination in the
previous season [22, 24, 25].

In part because of the dominant role of HA antibody in pro-
tection from infection, NA antibody has been less studied. Pre-
viously available assays for quantification of NA antibody were
also labor intensive and used toxic reagents, making it imprac-
tical to assay large numbers of specimens [27]. However, recent
collaborative efforts to standardize a lectin-based neuramini-
dase inhibition (NAI) assay have made quantification of NA an-
tibody feasible [28].

Here, we estimate the rates of HA and NA antibody decline
over an 18-month period following vaccination. Differences in
rates are examined by history of vaccination in the prior season,
vaccine type, and peak antibody titer achieved following
vaccination.

METHODS

Data and Specimens
Subjects were healthy adults 18–49 years of age and participating
in the second and third years of a randomized placebo-controlled
trial, conducted during the 2005–2006 and 2006–2007 influenza
seasons, evaluating the efficacy of the inactivated (IIV) and live-
attenuated (LAIV) influenza vaccines [29]. The study was
approved by the University of Michigan Medical School institu-
tional review board. Written informed consent was obtained
from all participants before enrollment. In October and Novem-
ber of 2005, subjects were recruited and randomized to receive
IIV, LAIV, or placebo. Subjects who had participated in the pre-
vious year (2004–2005) of the trial received the same intervention
to which they had previously been randomized; newly recruited
subjects were randomized at enrollment. From November 2005
through April 2006, subjects were instructed to report all acute
respiratory illnesses meeting a symptomatic case definition; ill
subjects attended an illness visit with collection of a throat
swab. Throat swabs were tested for influenza by virus isolation
in cell culture and virus identification in reverse-transcription po-
lymerase chain reaction (RT-PCR) assays. Subjects not lost to fol-
low-up were re-enrolled prior to the 2006–2007 influenza season
without revaccination and followed from November 2006
through May 2007 for acute respiratory illnesses with specimen
collection and laboratory testing.

Blood specimens for serologic studies were collected imme-
diately prior to vaccination (S1: October–November 2005),
approximately 30 days after vaccination (S2: November–
December 2005), approximately 6 months after vaccination fol-
lowing the 2005–2006 influenza season (S3: April–May 2006),
approximately 12 months after vaccination prior to the 2006–
2007 season (S4: October 2006), and approximately 18 months

after vaccination following the 2006–2007 season (S5: April–
May 2007).

Serologic Laboratory Assays
Following the 2005–2006 study year, hemagglutination-
inhibition (HAI) assays were performed on a subset of complete
specimen sets (S1–S3) collected that season, including all sub-
jects reporting symptomatic illness and a random sample of
those who did not report similar illness [30]. Following the
2006–2007 study year, HAI assays were performed on all com-
plete specimen sets (S4–S5) collected that season. Because of
known run-to-run variability in the HAI assay, additional
HAI assays were performed on a large subset of subjects with
complete specimen sets from both study years (S1–S5), includ-
ing subsets of those that had previously been assayed in both the
2005–2006 and 2006–2007 sets and those that had not yet been
assayed. The results of these assays, referred to as the reference
set, were used to standardize the results obtained from the sep-
arately assayed 2005–2006 and 2006–2007 sets.

Prior to HAI testing, serum samples were treated overnight
with receptor-destroying enzyme and heat-inactivated to prevent
nonspecific inhibition; serum samples were also adsorbed with
red blood cells to remove nonspecific agglutinins. Serial 2-fold di-
lutions (with an initial dilution of 1:8) were prepared for each
serum sample set (S1–S5) in 96-well microtiter plates followed
by incubation with standardized concentrations (4 HA units/
25 µL) of monovalent inactivated influenza vaccine subunit ma-
terial (Sanofi-Pasteur) representing the 2005–2006 A (H3N2)
and B (Yamagata) vaccine virus strains (A/NewYork/55/2004
[A/California/7/2004 like], B/Jiangsu/10/2003 [B/Shanghai/361/
2002 like]) [31]. Turkey red blood cells were added to wells
and allowed to settle. HAI titers to each virus tested were calcu-
lated for each subject at each time point (S1–S5) as the reciprocal
(eg, 160) of the highest dilution of serum (eg, 1:160) that inhib-
ited hemagglutination. Titers below the lower limit of detection
(ie, <8) were considered half the lower limit (ie, 4); titers greater
than the upper limit of detection (ie, >4096) were considered
twice the upper limit (ie, 8192).

NAI assays, also known as the enzyme-linked lectin assay,
were performed on specimens previously assayed in the HAI
reference set [28, 32]. This assay utilized a reassortant influenza
virus with a mismatched HA (H6 subtype) to avoid interference
by HA-specific antibodies, and the NA antigen representing the
2005–2006 A (H3N2) vaccine virus strain (kindly provided by
M. Eichelberger, US Food and Drug Administration). Serum
samples were heat-inactivated, and serial 2-fold dilutions
(with an initial dilution of 1:10) of serum sample sets (S1–S5)
were incubated with virus and then added to 96-well microtiter
plates coated with fetuin. Following incubation, peroxidase-
labeled peanut agglutinin (the lectin) was added, followed by
peroxidase substrate to detect enzymatic cleavage of fetuin by
viral NA, and the reaction optical density measured with a
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microplate reader. The percent inhibition of NA enzymatic ac-
tivity at each serum dilution was calculated by comparison with
values from virus control wells (virus but no serum); end-point
NAI titers were calculated as the reciprocal of the highest dilu-
tion with at least 50% inhibition. Titers below the lower limit of
detection (ie, <10) were considered half the lower limit (ie, 5);
titers greater than the upper limit of detection (ie, >5120) were
considered twice the upper limit (ie, 10 240).

All HAI and NAI assays were performed in the respiratory
virus research laboratory at the University of Michigan, School
of Public Health.

Statistical Analysis
Log base 2 (log2) transformation was applied to all HAI and
NAI titers, and mean log2 titers calculated. The results of the
HAI assays, run separately for the 2005–2006 and 2006–2007
specimen sets, were standardized to the results of the reference
set assays. Differences in mean log2 HAI titer to each antigen
were calculated for those tested both in the reference set and
in the 2005–2006 set for S1–S3 specimens. Similarly, differences
were calculated for S4–S5 specimens for those tested in both the
reference set and in the 2006–2007 set. These antigen- and
specimen-specific differences were then added as a correction
factor to log2 HAI titers of individuals assayed only in the
2005–2006 and 2006–2007 sets to standardize the titer values
to those of the reference set. Geometric mean titers (GMTs)
at each time point were calculated as 2 to the power of the

mean log2 titer. The proportions of subjects with HAI titers
≥32 or NAI titers ≥40 were calculated at each time point; an
HAI titer of ≥40 has historically been used as a measure of
“seroprotection” [1, 33].

Subjects were characterized by age, sex, race, and participa-
tion status in the 2004–2005 study year. Subjects were excluded
from analysis if they had laboratory-confirmed influenza during
the 2005–2006 or 2006–2007 season defined by RT-PCR, cell
culture, or ≥4-fold HAI titer rise from preseason to postseason
serum samples (S2 to S3, or S4 to S5). Participation in the 2004–
2005 study year was used as a proxy for history of influenza vac-
cination in that season. Those enrolled in both 2004–2005 and
2005–2006 received the same intervention both years; however,
history of vaccination in the 2004–2005 season was not explic-
itly determined for those newly enrolled in 2005–2006. Dif-
ferences in characteristics across intervention groups were
examined using χ2 tests for categorical variables and Kruskal–
Wallis tests for continuous variables. GMTs at each time point
were compared across intervention groups and by vaccination
history using Wilcoxon rank-sum tests.

Rates of titer decline were estimated in linear mixed models
with log2 titers as the dependent variable and time in days from
the S2 (1 month postvaccination) blood draw as the indepen-
dent variable. To account for correlation of titers within indi-
viduals over time, the intercept and time were modeled as
random effects. Rates of titer decline were also estimated by in-
tervention, by vaccination status in the 2004–2005 study year,

Figure 1. Subjects included and excluded from analyses of hemagglutination inhibition (HAI) and neuraminidase inhibition (NAI) antibody persistence.
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and by peak (S2) log2 titers by adding respective interactions
with time to the models; models with a peak log2 titer (S2) by
time interaction only considered S3–S5 log2 titers in the depen-
dent variable and did not estimate an intercept. Time in days to
decrease 1 log2 titer (2-fold decrease) was calculated as the re-
ciprocal of the model estimated rates. All statistical analyses
were carried out using SAS (release 9.2, SAS Institute) software;
a P value <.05 was considered to indicate statistical significance.

RESULTS

In the 2005–2006 study year, 2058 subjects enrolled and received
intervention, including 972 (47%) who also participated and re-
ceived the same intervention in 2004–2005 (Figure 1). Of these
2058 subjects, 1726 continued participation in 2006–2007 with-
out revaccination. Among the 1726 subjects participating from
2005 through 2007, 1227 (71%) had HAI assays performed on
all S1–S5 specimens. HAI results from 941 (77%) subjects were
included in this analysis; 286 were excluded because of laborato-
ry-confirmed influenza infection. Of the 941 subjects included in
the analysis, 536 were assayed as part of the reference set and 405
standardized to the reference set. NAI assays were performed on
the 536 subjects in the reference set. Included subjects did not
significantly differ by age, sex, race, or participation in the

2004–2005 season from those not included due to loss to fol-
low-up, not being tested, or laboratory-confirmed influenza in-
fection. The characteristics of included subjects are presented
in Table 1; subjects did not significantly differ across intervention
groups by age, sex, race, participation in the 2004–2005 season, or
proportion with standardized results.

The proportions of subjects with HAI titers ≥32 or NAI titers
≥40 at each time point by intervention are presented in Table 2.
Nearly all IIV recipients had HAI titers ≥32 to both influenza A
(H3N2) (A/H3) and influenza B (Yamagata) (B/Y) 1 month
postvaccination, and the proportion with HAI titers ≥32 re-
mained at nearly 90% 18 months after vaccination. In contrast,
79% of IIV recipients had NAI titers ≥40 to influenza A (H3N2)
(A/N2) 1 month postvaccination, but only 48% had a titer ≥40
at the 18-month follow-up. The proportions of LAIV recipients
with similar titers were lower than for IIV recipients; however,
patterns across time were similar.

HAI GMTs were plotted by time with estimated regression
lines in Figure 2A and 2C by intervention. Overall, estimated
times to decrease 2-fold were 662 (95% confidence interval
[CI], 588–758) days for A/H3 and 606 (95% CI, 546–685)
days for B/Y. Among IIV recipients, HAI GMTs increased
from prevaccination (A/H3: 38, B/Y: 96) to 1-month follow-
up (A/H3: 337, B/Y: 611) before gradually decreasing through

Table 1. Characteristics of Subjects Included in Analysis Set by Intervention

Intervention

P Value Total (N = 941)IIV (N = 431) LAIV (N = 381) Placebo (N = 129)

Percentage of participants 45.8 40.5 13.7 100
Mean age, y ± SD 25.9 ± 9.1 25.1 ± 8.6 26.1 ± 9.6 .47a 25.6 ± 8.9

Age category, N (%)

18–19 y 128 (29.7) 121 (31.8) 45 (34.9) .37b 294 (31.2)
20–24 y 166 (38.5) 154 (40.4) 44 (34.1) 364 (38.7)

25–34 y 51 (11.8) 40 (10.5) 9 (7.0) 100 (10.6)

35–48 y 86 (20.0) 66 (17.3) 31 (24.0) 183 (19.5)
Sex, N (%)

Female 271 (62.9) 243 (63.8) 77 (59.7) .71b 591 (62.8)

Male 160 (37.1) 138 (36.2) 52 (40.3) 350 (37.2)
Race, N (%)

White 374 (86.8) 333 (87.4) 115 (89.1) .78b 822 (87.4)

Nonwhite 57 (13.2) 48 (12.6) 14 (10.9) 119 (12.6)
Participated in 2004–2005, N (%)c

Yes 194 (45.0) 185 (48.6) 63 (48.8) .54b 442 (47.0)

No 237 (55.0) 196 (51.4) 66 (51.2) 499 (53.0)
Standardized results, N (%)

Yes 187 (43.4) 173 (45.4) 45 (34.9) .11b 405 (43.0)

No 244 (56.6) 208 (54.6) 84 (65.1) 536 (57.0)

Abbreviations: IIV, inactivated influenza vaccine; LAIV, live attenuated influenza vaccine.
a Kruskal–Wallis test.
b χ2 test.
c Participation in the 2004–2005 study year is used as a proxy for 2004–2005 vaccination status. Those enrolled in both 2004–2005 and 2005–2006 received the
same intervention both years; however, history of vaccination in the 2004–2005 season was not explicitly determined for those newly enrolled in 2005–2006.
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the 18-month follow-up (A/H3: 138, B/Y: 256); the estimated
time to decrease 2-fold was 410 (95% CI, 369–463) days for A/
H3 and 424 (95% CI, 380–476) days for B/Y. For LAIV recipients,
HAI GMTs increased minimally from prevaccination (A/H3: 27,
B/Y: 59) to 1-month follow-up (A/H3: 50, B/Y: 109) before grad-
ually decreasing through the 18-month follow-up (A/H3: 37, B/
Y: 72); the estimated time to decrease 2-fold was 1111 (95% CI,
840–1639) days for A/H3 and 820 (95% CI, 667–1075) days for
B/Y. HAI GMTs for placebo recipients gradually decreased from
preintervention (A/H3: 38, B/Y: 68) through 18-month follow-up
(A/H3: 31, B/Y: 55); the estimated time to decrease 2-fold was
4545 (95% CI, 1389–3584) days for A/H3 and 1887 (95% CI,
990–25 000) days for B/Y.

NAI GMTs were plotted by time with estimated regression
lines in Figure 2B by intervention. Overall, the estimated time to
decrease 2-fold was 621 (95% CI, 556–704) days. Among IIV
recipients, NAI GMTs increased from 17 prevaccination to 69 at
the 1-month follow-up before decreasing to 24 at the 18-month
follow-up; the estimated time to decrease 2-fold was 366 (95%
CI, 334–403) days. For LAIV recipients, NAI GMTs minimally
increased from 13 prevaccination to 20 at the 1-month follow-
up before decreasing to 15 at the 18-month follow-up; the esti-
mated time to decrease 2-fold was 1190 (95% CI, 901–1786)
days. No significant decrease in NAI GMTs among placebo re-
cipients was observed from preintervention (A/N2: 19) through
18-month follow-up (A/N2: 18).

HAI GMTs to A/H3 and B/Y and NAI GMTs to A/N2 were
plotted by timewith estimated regression lines stratified by 2004–
2005 vaccination status in Figure 3, Supplementary Figure 1, and
Figure 4, respectively, for IIV and LAIV recipients. Those who

received IIV in both 2004–2005 and 2005–2006 had signifi-
cantly higher (P < .001) prevaccination HAI GMTs in 2005–
2006 (A/H3: 59, B/Y: 226) than those not previously vaccinated
(A/H3: 27, B/Y: 48). However, the GMT fold-rise following
2005–2006 vaccination was significantly lower (P < .001) for
those previously vaccinated (A/H3: 4.2, B/Y: 2.1) compared to
those not (A/H3: 16.0, B/Y: 15.7). HAI GMTs of previously vac-
cinated IIV recipients remained significantly lower (P < .001)
than those not previously vaccinated at all 4 time points follow-
ing 2005–2006 vaccination. Prevaccination HAI GMTs in
2005–2006 of LAIV recipients vaccinated in both 2004–2005
and 2005–2006 were not significantly different (A/H3: 25, B/
Y: 57) than those not previously vaccinated (A/H3: 29, B/Y:
60). However, HAI GMTs of previously vaccinated LAIV

Figure 2. Geometric mean (GMT) hemagglutination inhibition (HAI) and
neuraminidase inhibition (NAI) titers at prevaccination, and 1, 6, 12, and 18
month postvaccination time points, by intervention, with estimated regres-
sion lines*. *Rates of antibody change were estimated in linear mixed
models with log2 titers as the dependent variable and time in days from
the 1 month postvaccination blood draw as the independent variable. To
account for correlation of titers within individuals over time, the intercept
and time were modeled as random effects. Abbreviations: IIV, inactivated
influenza vaccine; LAIV, live attenuated influenza vaccine.

Table 2. Proportions of Subjects With HAI Titers ≥32 or NAI
Titers ≥40 at Prevaccination, and 1, 6, 12, and 18 Month
Postvaccination Time Points by Intervention

Intervention and Antigen

Months Following Vaccination

0 1 6 12 18

IIV
Influenza A (H3N2) HAI, % 55.9 97.0 92.8 89.3 89.1

Influenza A (H3N2) NAI, % 37.7 79.1 59.8 57.0 48.0

Influenza B HAI, % 77.8 99.8 98.4 97.2 95.6
LAIV

Influenza A (H3N2) HAI, % 44.9 68.0 61.7 62.7 59.3

Influenza A (H3N2) NAI, % 29.8 40.4 39.4 38.5 32.2
Influenza B HAI, % 68.8 92.1 89.8 84.0 81.9

Placebo

Influenza A (H3N2) HAI, % 48.1 44.2 44.2 49.6 45.7
Influenza A (H3N2) NAI, % 32.1 36.9 29.8 32.1 28.6

Influenza B HAI, % 67.4 72.9 69.8 69.8 67.4

Abbreviations: HAI, hemagglutination inhibition; IIV, inactivated influenza
vaccine; LAIV, live attenuated influenza vaccine; NAI, neuraminidase inhibition.
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recipients were significantly lower (P < .001) than those not pre-
viously vaccinated at all 4 time points following 2005–2006
vaccination.

Among IIV recipients, prevaccination NAI GMT was 28 for
those previously vaccinated and 16 for those not (P < .001). How-
ever, the GMT fold-rise following 2005–2006 vaccination was
significantly lower (P < .001) for those previously vaccinated
(A/N2: 2.6) compared to those not (A/N2: 6.4). NAI GMTs to
A/N2 following 2005–2006 vaccination were similar (P > .05)
for previously vaccinated IIV recipients and those not previously
vaccinated at all 4 time points. Similarly among LAIV recipients,
prevaccination NAI GMT was 20 for those previously vaccinated
and 14 for those not (P = .33). However, in contrast to patterns
seen in IIV recipients, GMT fold-rises following 2005–2006 vac-
cination were similar for those previously vaccinated and those
not (P = .96). NAI GMTs following 2005–2006 vaccination re-
mained higher for previously vaccinated LAIV recipients at all

4 time points, though only significantly higher 1 month postvac-
cination (P = .04). HAI GMTs to both A/H3 and B/Y and NAI
GMTs to A/N2 did not significantly differ by previous participa-
tion at any point among placebo recipients (data not shown).

The estimated times to decrease HAI and NAI titers by 2-fold
stratified by peak postvaccination titer are presented in Table 3.
For both HAI and NAI, the rate of decline was faster with high-
er peak titers. For example, subjects with peak HAI titers of
4096 to A/H3 were estimated to have a 2-fold reduction in
titer after 374 (95% CI, 310–469) days, while a similar 2-fold re-
duction among subjects with peak titer of 64 was estimated to
take over 4 years (1485 [95% CI, 1104–2269] days).

DISCUSSION

Minimal reductions in HAI titer over an 18-month period
among participants in a randomized clinical trial were observed
here. Previous studies have reported HAI titers persisting above

Figure 3. Geometric mean (GMT) hemagglutination inhibition (HAI) ti-
ters to influenza A (H3N2) at prevaccination, and 1, 6, 12, and 18 month
postvaccination time points, by intervention and 2-year vaccination status*,
with estimated regression lines**. *Participation in the 2004–2005 study
year was used as a proxy for history of influenza vaccination in that season.
Those enrolled in both 2004–2005 and 2005–2006 received the same in-
tervention both years; however, history of vaccination in the 2004–2005
season was not explicitly determined for those newly enrolled in 2005–
2006. **Rates of antibody change were estimated in linear mixed models
with log2 titers as the dependent variable and time in days from the 1
month postvaccination blood draw as the independent variable. To account
for correlation of titers within individuals over time, the intercept and time
were modeled as random effects. Abbreviations: IIV, inactivated influenza
vaccine; LAIV, live attenuated influenza vaccine.

Figure 4. Geometric mean (GMT) neuraminidase inhibition (NAI) titers
to influenza A (H3N2) at prevaccination, and 1, 6, 12, and 18 month post-
vaccination time points, by intervention and 2-year vaccination status*,
with estimated regression lines**. *Participation in the 2004–2005 study
year was used as a proxy for history of influenza vaccination in that season.
Those enrolled in both 2004–2005 and 2005–2006 received the same in-
tervention both years; however, history of vaccination in the 2004–2005
season was not explicitly determined for those newly enrolled in 2005–
2006. **Rates of antibody change were estimated in linear mixed models
with log2 titers as the dependent variable and time in days from the 1
month postvaccination blood draw as the independent variable. To account
for correlation of titers within individuals over time, the intercept and time
were modeled as random effects. Abbreviations: IIV, inactivated influenza
vaccine; LAIV, live attenuated influenza vaccine.
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“seroprotective” levels (HAI titer ≥40) for many months after
vaccination in a high proportion of individuals, including elder-
ly and high-risk populations [12, 34]. However, the term sero-
protection can be misleading, as infections occur among
individuals with HAI titers ≥40, though risk of infection de-
creases as titers increase [6]. This cut point was originally

chosen because there was evidence that an HAI titer of 40
would protect 50% of those exposed to influenza from being in-
fected [5, 35]. One recent study has suggested that an HAI titer
of 40 may be associated with <50% protection [36]. In addition,
laboratory-to-laboratory variation in the HAI assay makes it
difficult to standardize interpretation of any given titer. It is,

Table 3. Estimates of 18-Month Postintervention HAI and NAI Titers and Times to Decrease Titer by 2-fold, Stratified by Peak
Postintervention Titera

All Subjects N (%)
Model Estimated 18-Month

Titer (95% CI)b
Days to 2-fold

Titer Decrease (95% CI)b,c

Influenza A (H3N2)
Peak HAI Titera

4 15 (1.6) 5 (4 to 6) ∞
8 55 (5.8) 9 (7 to 10) ∞
16 86 (9.1) 14 (13 to 16) 173 623 (3188 to ∞)

32 128 (13.6) 24 (22 to 26) 2945 (1672 to 12 345)

64 147 (15.6) 40 (37 to 43) 1485 (1104 to 2269)
128 153 (16.3) 67 (62 to 72) 993 (803 to 1300)

256 110 (11.7) 112 (103 to 122) 746 (620 to 936)

512 120 (12.8) 187 (169 to 207) 597 (499 to 742)
1024 67 (7.1) 312 (275 to 354) 498 (416 to 619)

2048 36 (3.8) 521 (448 to 607) 427 (356 to 533)

4096 24 (2.6) 871 (728 to 1042) 374 (310 to 469)
Peak NAI Titera

5 63 (11.8) 5 (4 to 6) ∞
10 61 (11.4) 8 (7 to 8) ∞
20 104 (19.4) 12 (11 to 13) 2508 (1557 to 6445)

40 101 (18.8) 18 (16 to 19) 1135 (886 to 1578)

80 61 (11.4) 27 (25 to 29) 734 (603 to 935)
160 80 (14.9) 41 (37 to 46) 542 (452 to 677)

320 35 (6.5) 63 (55 to 72) 430 (359 to 534)

640 19 (3.5) 96 (82 to 114) 356 (297 to 443)
1280 12 (2.2) 147 (121 to 180) 304 (254 to 379)

Influenza B Yamagata

Peak HAI Titera

4 15 (1.6) 6 (5 to 8) ∞
8 20 (2.1) 10 (9 to 12) ∞
16 31 (3.3) 17 (15 to 20) ∞
32 92 (9.8) 29 (26 to 33) 96 097 (3253 to ∞)

64 121 (12.9) 49 (45 to 53) 2455 (1523 to 6337)
128 158 (16.8) 81 (76 to 88) 1244 (971 to 1728)

256 159 (16.9) 136 (126 to 146) 833 (698 to 1032)

512 135 (14.3) 227 (209 to 247) 626 (536 to 751)
1024 104 (11.1) 379 (343 to 420) 501 (432 to 598)

2048 53 (5.6) 634 (558 to 719) 418 (360 to 499)

4096 53 (5.6) 1058 (908 to 1234) 359 (308 to 429)

Abbreviations: CI, confidence interval; HAI, hemagglutination inhibition; NAI, neuraminidase inhibition.
a Titer at 1-month postvaccination follow-up.
b Rates of antibody change were estimated in linear mixed models with log2 titers as the dependent variable, time in days from the 1 month postvaccination blood
draw as the independent variable, and an interaction term between the peak log2 titer and time. Because peak log2 titer was included in the model as a covariate, a
separate intercept was not estimated and only post-1-month log2 titers were included in the dependent variable. To account for correlation of titers within individuals
over time, time was modeled as a random effect.
c Time in days to decrease 2-fold (1 log2 titer) was calculated as the reciprocal of the model estimated rates.
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therefore, important to determine not only the proportion of
subjects maintaining titers ≥40 over time, but also the absolute
titer level and the rate of decline, as we have done.

NAI titer was also observed to decrease relatively slowly over
the 18-month period. Past studies examining persistence of anti-
body to NA reported mixed observations. One study reported
that NA antibodies declined to undetectable levels within 5
months following infection [37]; 2 other studies reported persis-
tence of detectable NA antibody up to 4 years after infection
[38, 39]. Evidence for the contribution of NA antibody to protec-
tion from influenza, independent of the effect of HA antibody,
has been suggested by patterns of infection during the 1968
pandemic, and more recently using multivariable regression
[8, 40, 41]. Given the longevity of NAI titers observed here, im-
proving vaccine-induced response to NAmight increase the prac-
tical duration of protection when HA drifts and NA does not.

IIV recipients achieved much higher postvaccination HAI and
NAI titers, but experienced faster titer decline than LAIV or pla-
cebo recipients. However, titers of IIV recipients remained signif-
icantly higher than LAIV or placebo recipients after 18 months.
At least part of the difference in rates of decline between IIV and
LAIV recipients was explained by the higher average postvaccina-
tion titers among IIV recipients and faster rates of decline among
those starting at higher titers. Further investigations into modifi-
ers of the rate of titer decline are important for informing models
of the effects of serum antibodies on protection from infection
and influenza transmission dynamics.

Lower postvaccination HAI titers were observed among those
vaccinated with IIV or LAIV in both 2004–2005 and 2005–2006
compared to those vaccinated only in 2005–2006. This is consis-
tent with reports of reduced seroresponse and lower VE among
those vaccinated in consecutive seasons [13–16, 19–26].Despite
the difference in initial response, there were no differences in
rates of decline. Previous studies have reported slightly more
rapid rates of decline and differences by previous antigenic ex-
perience [16, 42]. In this study, participation in the 2004–2005
study year was used as a proxy for history of influenza vaccina-
tion in that season. Although 2004–2005 vaccination status was
not explicitly determined for those newly recruited in 2005–
2006, the actual proportion vaccinated in 2004–2005 is likely
to be low given the similarity of titers in the placebo group by
2004–2005 participation status.

Rates of antibody decline were presented as days to decrease
2-fold, with some estimates exceeding the study period. While
these estimates are useful for comparing the magnitude of rates
across groups (eg, intervention, peak titer), caution should be
used in predicting titers beyond the period of observation
(583 days). Subjects participating in this study were healthy
adults aged 18–49 years. In contrast, those most at risk of severe
outcomes of influenza infection are young children, older
adults, and those with high-risk health conditions [11].The per-
sistence of HAI and NAI antibodies may differ in these groups.

Prior studies of older and immunocompromised adults have
suggested subjects initially achieving seroprotective HAI titers
maintain these titers for extended periods [29, 30].However, lit-
tle is known regarding NA antibody persistence in these groups.
Identification of characteristics that predict individual variation
in antibody persistence is also of interest.

Although antibody titers may remain at high levels over mul-
tiple seasons, antigenic drift of circulating influenza viruses may
necessitate annual vaccination [43]. Evidence presented here
and elsewhere suggests that HAI response to vaccine may be im-
paired with repeated vaccination [13–16]. Despite this, those
vaccinated in 2 consecutive seasons had higher titers than pla-
cebo recipients, even 18 months after vaccination. These find-
ings indicate that given currently available vaccines, annual
vaccination remains the best strategy for reducing risk of influ-
enza infection and associated complications. The importance of
NAI antibody, previously shown as an independent correlate of
protection, is also supported by the duration of elevated titers.
These results point to the need for vaccines that stimulate a
greater breadth of immunity to achieve better and longer-lasting
protective efficacy.
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