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Background. Data from a randomized controlled efficacy trial of an inactivated quadrivalent influenza vaccine in children 
6–35 months of age were used to determine whether hemagglutination inhibition (HI) antibody titer against A/H1N1 and A/H3N2 
is a statistical correlate of protection (CoP) for the risk of reverse-transcription polymerase chain reaction (RT-PCR)–confirmed in-
fluenza associated with the corresponding strain.

Methods. The Prentice criteria were used to statistically validate strain-specific HI antibody titer as a CoP. The probability of 
protection was identified using the Dunning model corresponding to a prespecified probability of protection at an individual level. 
The group-level protective threshold was identified using the Siber approach, leading to unbiased predicted vaccine efficacy (VE). 
A case-cohort subsample was used for this exploratory analysis.

Results. Prentice criteria confirmed that HI titer is a statistical CoP for RT-PCR–confirmed influenza. The Dunning model pre-
dicted a probability of protection of 49.7% against A/H1N1 influenza and 54.7% against A/H3N2 influenza at an HI antibody titer 
of 1:40 for the corresponding strain. Higher titers of 1:320 were associated with >80% probability of protection. The Siber method 
predicted VE of 61.0% at a threshold of 1:80 for A/H1N1 and 46.6% at 1:113 for A/H3N2.

Conclusions. The study validated HI antibody titer as a statistical CoP, by demonstrating that HI titer is correlated with clin-
ical protection against RT-PCR–confirmed influenza associated with the corresponding influenza strain and is predictive of VE in 
children 6–35 months of age.

Clinical Trials Registration. NCT01439360.
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PLAIN LANGUAGE SUMMARY

What is the context?
Influenza is a global public health concern, especially in 
young children. Evaluation of the concentration of anti-
bodies in the blood can be linked to the level of protection 

against influenza disease in adults. However, only a few 
studies have addressed the correlation between influenza 
vaccine efficacy and the level of immune response in young 
children. We need to better understand this correlation and 
how to use the data to predict vaccine efficacy in children. 

What is new?
Data from a large influenza vaccine efficacy trial in children 
6−35 months of age were used to evaluate the statistical 
correlation between the level of immune response and the 
risk of influenza disease. The trial was the first study in 
this age group of an influenza vaccine that protects against 
four types of influenza virus (traditionally, influenza vac-
cines have protected against only three types). It was a 
large trial, done across five influenza seasons in different 
regions throughout the world. The data therefore provide 
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Few randomized trials have evaluated the protective efficacy of 
influenza vaccines in young children, and those that have been 
reported describe variable estimates of vaccine efficacy (VE) 
[1–6]. Multiple challenges are associated with conducting ran-
domized trials of influenza VE, including large sample sizes. 
Evaluation of influenza vaccines could be improved with a 
better understanding of the association between the immune 
response to vaccination and protective effect of the vaccine 
against influenza illness.

Identification of immune markers that correlate with protec-
tion against infection following vaccination (ie, an immune cor-
relate of protection [CoP]) is important in vaccine development. 
A CoP can be mechanistic or statistical [7]. A mechanistic CoP 
is a causal agent of protection; it is mechanistically and causally 
responsible for protection [7]. A statistical CoP is an immune 
marker that is statistically correlated with VE; it may or may not 
be a mechanistic causal agent of protection [7].

Hemagglutination inhibition (HI) antibody titers are cur-
rently accepted as providing a measure of protection against 
influenza, and several studies have quantified the HI titer that 
corresponds to protection against illness [8–12]. An HI titer 
of 1:40 is often recognized as associated with a 50% reduc-
tion in the incidence of influenza illness in adults and is used 
as an immunologic CoP [9, 10]. However, children might have 
a different CoP than adults. We are aware of only 2 studies 
evaluating a CoP in children, both of inactivated trivalent influ-
enza vaccines. One study reported that 22% protection against 
A/H3N2 influenza was associated with an HI antibody titer of 
1:40 [13], while the other reported 48% protection against A/
H1N1pdm09 influenza associated with an HI antibody titer of 
1:40 [14].

Data from a large, randomized efficacy trial of a inactivated 
quadrivalent influenza vaccine (IIV4) in children 6–35 months 
of age have been previously reported [15]. We have used data 
from this trial to determine whether HI titers induced by IIV4 
correlate statistically with the risk of influenza illness and are 

predictive of VE. We focused on evaluating a statistical CoP be-
cause of the difficulty in demonstrating a mechanistic CoP in 
influenza.

METHODS

Patient Consent Statement

The trial was approved by independent ethics committees or 
institutional review boards of participating study centers, 
conducted in accordance with the Declaration of Helsinki, 
the International Conference on Harmonisation Good 
Clinical Practice guidelines, and regulatory requirements of 
participating countries. Parents or legally acceptable repre-
sentatives of participating children provided written informed 
consent.

Study Design

This was a phase 3, observer-blind, randomized controlled 
study (NCT01439360) conducted in 13 countries in Europe, 
Central America, and Asia as described previously [15]. In brief, 
12 018 children 6–35 months of age with no risk factors for in-
fluenza complications were recruited in 5 independent cohorts 
over 5 influenza season between 2011 and 2014 (Supplementary 
Table 1). Children were randomized 1:1 to receive IIV4 (Fluarix 
Quadrivalent, GSK, Dresden, Germany) or noninfluenza con-
trol vaccines (pneumococcal polysaccharide conjugate vaccine, 
hepatitis A vaccine, or varicella vaccine; control vaccines were 
allocated based on age and vaccine-priming status). Children 
were regarded as primed for influenza vaccination if they had 
previously received ≥2 doses of seasonal influenza vaccine sep-
arated by ≥28 days. All children <12 months of age were con-
sidered vaccine-unprimed. Vaccine-primed children received 
a single dose and vaccine-unprimed children received 2 doses; 
>99% of children were vaccine-unprimed. Vaccine composi-
tion is shown in Supplementary Table 1. The study lasted for 
6–8  months for each participant; the study period included 
vaccination, surveillance for influenza illness, and monitoring 
for safety.

Active surveillance for influenza illness in an individual child 
was conducted from 14 days after final vaccination until the end 
of the influenza season (Supplementary Table 1). The surveillance 
period covered the peak of the influenza season in each country, 
based on available local epidemiologic data. Study periods and the 
end date of the surveillance period for each seasonal cohort are 
shown in Supplementary Table 1. Parents were asked to contact 
the study center if their child developed a temperature ≥38°C in 
combination with 1 or more of the following: cough, runny nose, 
nasal congestion or breathing difficulty, physician-diagnosed 
acute otitis media, or lower respiratory infection. A nasal swab 
was collected within 7  days of onset of each episode reported. 
Influenza A or B was confirmed by reverse-transcription poly-
merase chain reaction (RT-PCR) (Supplementary Methods). 
HI antibody titer was measured using standard methods 

an excellent basis from which to evaluate the correlation 
between immune response and risk of illness. 

What is the impact?
Higher levels of immune response were found to correlate 
with progressively higher levels of protection. Our predicted 
level of protection against influenza illness in children is in 
line with traditionally accepted levels of immune response 
in adults. The level of immune response in children could 
help us to know what the efficacy of the influenza vaccine is 
likely to be. Our methodology for predicting efficacy could 
be a useful tool in vaccine development, to predict vaccine 
efficacy, and to guide vaccination policies and regulatory 
decisions.
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(Supplementary Methods) at 28  days after the last vaccination 
and prevaccination from children in the immuno-subcohort (de-
scribed below). For the CoP analysis, HI antibody titer was also 
measured in children not included in the immuno-subcohort 
who experienced an RT-PCR–confirmed influenza episode.

Study Objectives and Endpoints

The primary objectives of the study have been previously re-
ported [15]. The objective of the present, prespecified, ex-
ploratory analysis was to identify an immunological surrogate 
endpoint that is statistically correlated with clinical protection 
against RT-PCR–confirmed influenza illness.

The clinical endpoints considered were the time starting 
from 14 days after completion of the vaccination course to the 
first occurrence of (1) RT-PCR–confirmed influenza illness as-
sociated with A/H1N1 and (2) RT-PCR–confirmed influenza 
illness associated with A/H3N2. The immunological surrogate 
endpoint considered was strain-specific HI antibody titer at 
28 days after the last vaccine dose, that is, A/H1N1 HI titer in 
relation to A/H1N1-associated influenza illness and A/H3N2 
titer in relation to A/H3N2-associated influenza illness.

Statistical Analysis of CoP

The statistical CoP was defined according to the Qin frame-
work (level 1, statistical surrogate of protection), the basis for 
the World Health Organization (WHO) report on correlates of 
vaccine-induced protection [16, 17]. The analysis was done in 
2 steps. First, statistical validity of strain-specific HI antibody 
titer as an immunological CoP for strain-specific RT-PCR–con-
firmed influenza was assessed. Second, the protective threshold 
was identified.

The Prentice criteria [18] were used to statistically validate HI 
antibody titer as a CoP for RT-PCR–confirmed influenza illness 
as follows: (1) show the effect of vaccination on RT-PCR–con-
firmed influenza illness (demonstrate IIV4 protection against 
RT-PCR–confirmed influenza illness); (2) show the effect of 
vaccination on HI antibody titer (demonstrate an increase in 
HI titer in the vaccinated group relative to control group); (3) 
show that HI antibody titer correlates with RT-PCR–confirmed 
influenza illness (demonstrate that HI antibody titers correlate 
with protection against RT-PCR–confirmed influenza illness); 
and (4) show that the full effect of vaccination on RT-PCR–con-
firmed influenza illness is captured by HI antibody titer (dem-
onstrate that the probability of having RT-PCR–confirmed 
influenza illness is independent of treatment status given the 
level of the immune marker [HI titer]).

The first Prentice criterion was evaluated using a Cox model; 
the vaccine was considered to have a significant effect on pro-
tection against RT-PCR–confirmed influenza illness if the P 
value was < .05. The second criterion was evaluated using a 
linear model with the immunogenicity endpoint as a dependent 
variable and the vaccine received as an independent variable; 

the vaccine was considered to have a significant effect on HI 
antibody titer if the P value was <.05. The third criterion was 
evaluated using a Cox model for case-cohort design; HI anti-
body titer was considered to have a significant effect on time to 
first occurrence of RT-PCR–confirmed influenza illness if the P 
value was <.05. The fourth criterion was evaluated using a Cox 
model for case-cohort design; RT-PCR–confirmed influenza ill-
ness was considered to be independent of vaccination status if 
the P value associated with vaccination was >.05, and RT-PCR–
confirmed influenza illness was considered dependent on the 
HI antibody titer if the P value associated with HI antibody titer 
was <.05. In a case-cohort design, samples are not random and 
specific modeling to obtain unbiased estimates is required. The 
standard deviation for Prentice criteria 3 and 4 was therefore es-
timated using the method proposed by Barlow [19] to account 
for the case-cohort approach used in the analysis.

The proportion of the VE (treatment effect, PE) explained by 
HI titer was evaluated using the Freedman method [20]. The PE 
based on observed data from the clinical trial was calculated, as 
well as the mean, median, 2.5th percentile, and 97.5th percen-
tile of the PE using a resampling technique (bootstrap method 
with unrestricted random sampling).

Following validation of HI titer as a potential immunologic 
CoP, the protective threshold was identified using 2 methodolo-
gies: the Dunning model and the Siber approach [21, 22]. The 
Dunning method provides predicted probabilities of protection 
with respect to various antibody titer thresholds at an individual 
level (Dunning curve) [21]. The inverse probability weighting 
technique was used to fit the Dunning model to account for the 
effect of case-cohort sampling [23]. The Siber approach identi-
fies a threshold by using the proportion of vaccinated and un-
vaccinated individuals with HI antibody titer below specified 
thresholds to estimate VE [22]. This method was adapted for 
case-cohort sampling and identified the threshold as the HI titer 
that provides a derived VE value (described here as predicted 
VE) equal to the VE observed based on the clinical outcome, 
leading to unbiased predicted VE (group-level threshold).

The analyses were not adjusted for covariates in order to keep 
the model simple and general for easy interpretation.

Analysis Sets

The analysis was based on a per-protocol cohort for CoP 
(PP-CoP), defined as all vaccinated children who met inclu-
sion and exclusion criteria, complied with the protocol, started 
the influenza surveillance period, and did not have RT-PCR–
confirmed influenza illness before the postvaccination blood 
sample was taken (Supplementary Figure 1). The study in-
cluded an immuno-subcohort from whom prevaccination 
and postvaccination blood samples were taken for assess-
ment of immunogenicity. The immuno-subcohort comprised 
a predefined number of children from each influenza season: 
approximately 400 children from the IIV4 group and 200 
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children from the control group in the first 2 seasonal co-
horts, approximately 150 children in the third seasonal cohort 
(approximately equal numbers from both vaccine groups), 
and up to 50 children from each participating country in the 
fourth and fifth seasonal cohorts (approximately equal num-
bers from both vaccine groups).

A case-cohort subsampling method was used for analysis 
because of the logistical constraints in analyzing all samples 
from all participants. We considered that this approach would 
be unlikely to influence outcomes. The case-cohort subsample 
consisted of 3 further subgroups, as shown in Supplementary 
Figure 1: (1) children from the immuno-subcohort (described 
above) who were positive for RT-PCR–confirmed influenza; 
(2) children from the immuno-subcohort who were nega-
tive for RT-PCR–confirmed influenza; and (3) children from 
a non–immuno-subcohort (ie, all children not included in 
the immuno-subcohort) who were positive for RT-PCR–con-
firmed influenza. Since 2 types of influenza cases were evalu-
ated (RT-PCR–confirmed A/H1N1 and A/H3N2), the number 
of children selected from the non–immuno-subcohort for the 
case-cohort subsample varied according to the associated strain 
as shown in Supplementary Figure 1. As mentioned above, 
HI testing was performed for all participants in the immuno-
subcohort; additional HI testing was performed for partici-
pants in the non–immuno-subcohort who were positive for 
RT-PCR–confirmed influenza and included in the case-cohort 
subsample.

The first Prentice criterion was evaluated in the PP-CoP co-
hort, the second in the immuno-subcohort, and the third and 
fourth in the case-cohort subsample. The Dunning model and 
Siber approach were applied in the case-cohort subsample. The 
immune response parameters were also evaluated in the case-
cohort subsample.

RESULTS

A total of 12  018 children were vaccinated, of whom 11  047 
were included in the PP-CoP (Supplementary Figure 1). In 
the PP-CoP, mean age at first vaccination was 21.9  months 
(standard deviation, 8.0 months) and 48.9% were female. Most 
children were of Southeast Asian (29.1%), White European 
(22.3%), Central/South Asian (18.3%), or other (mainly 
Hispanic) (27.7%) ancestry. A total of 1.8% of children in the 
IIV4 group and 1.9% in the control group had a history of influ-
enza vaccination in ≥1 previous season.

RT-PCR–Confirmed Influenza Associated With A/H1N1

Of 800 children in the case-cohort subsample who received 
IIV4, 28 experienced RT-PCR–confirmed A/H1N1 influenza 
illness; of 655 children in the control group, 71 experienced 
RT-PCR–confirmed A/H1N1 influenza illness (Supplementary 
Figure 1). Geometric mean titers (GMTs) for HI antibodies 
against A/H1N1 were higher in children who did not experience 

RT-PCR–confirmed A/H1N1 influenza illness in both the IIV4 
and control groups (Figure 1; Figure 2).

All 4 Prentice criteria for validation of A/H1N1 HI antibody 
titer as a statistical CoP for RT-PCR–confirmed A/H1N1 influ-
enza illness were met (Supplementary Table 2). Vaccination was 
inversely related to occurrence of RT-PCR–confirmed influenza 
illness (hazard ratio [HR] estimate, –0.941; P < .0001) and di-
rectly related to HI antibody titer (log10 of the geometric mean 
ratio, 1.129; P < .0001) (Supplementary Table 2). HI titers were 
inversely related to occurrence of RT-PCR–confirmed influenza 
illness (HR estimate, –0.928; P < .0001). For the fourth Prentice 
criterion, the effect of vaccination became nonsignificant 
after controlling for HI antibody titer (HR estimate, –0.235; 
P = .3455), while the effect of titer remained significant (HR 
estimate, –0.823; P < .0001); this indicates that HI antibody 
titer explains most of the effect on occurrence of RT-PCR–con-
firmed influenza illness.

Using the Freedman method, the PE based on observed 
data from the clinical trial was 75.0% (Table 1). Based on the 
resampling (bootstrap) method, mean PE was 79.2% and me-
dian was 75.5% (Table 1). The probability of protection at 
different antibody thresholds was estimated by the Dunning re-
gression model; the probability of protection against RT-PCR–
confirmed A/H1N1 influenza illness ranged from 49.7% at a 
threshold of 1:40 to 88.8% at a threshold of 1:640 (Table 2; Figure 
3). Using the Siber method, predicted VE against RT-PCR–con-
firmed A/H1N1 influenza illness was 61.0%, corresponding to 
an HI antibody titer of 1:80.

RT-PCR–Confirmed Influenza Associated With A/H3N2

A total of 903 children who received IIV4 were included in the 
case-cohort subsample, of whom 147 experienced RT-PCR–
confirmed A/H3N2 influenza illness; of 817 children in the 
control group, 270 experienced RT-PCR–confirmed A/H3N2 

G
M

T
 (9

5%
 C

I)

A/H1N1 A/H3N2

200
With
Without

RT-PCR–confirmed influenza

100

150

50

0
IIV4 Control IIV4 Control

Figure 1. Hemagglutination inhibition antibody titers in children with or without 
reverse-transcription polymerase chain reaction–confirmed influenza illness 
at 28  days after final vaccination (per-protocol correlate of protection cohort). 
Abbreviations: CI, confidence interval; GMT, geometric mean titer; IIV4, inactivated 
quadrivalent influenza vaccine; RT-PCR, reverse-transcription polymerase chain 
reaction.
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influenza illness (Supplementary Figure 1). GMTs for HI anti-
bodies against A/H3N2 were higher in children who did not ex-
perience RT-PCR–confirmed A/H3N2 influenza illness in both 
study groups (Figure 1; Figure 2).

Three of the 4 Prentice criteria for validation of A/H3N2 
HI antibody titer as a statistical CoP for RT-PCR–confirmed 
A/H3N2 influenza illness were met (Supplementary Table 2). 
The P value for the fourth criterion evaluating the effect of 
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vaccination after controlling for HI antibody titer was bord-
erline (P = .0388). According to the Freedman method, the 
effect of vaccination was fully explained by HI antibody titer 
(PE >100%; Table 1). Using the Dunning model, protec-
tion ranged from 54.7% at a threshold of 1:40 to 91.8% at a 
threshold of 1:640 (Table 2; Figure 3). The predicted VE using 
the Siber method was 46.6%, corresponding to an HI antibody 
titer of 1:113.

DISCUSSION

An immunological marker that provides an accurate predictor 
of influenza VE will be a useful tool in vaccine development, 
to predict VE in different settings and guide vaccination pol-
icies and regulatory decisions [7, 16]. Two paradigms apply to 
evaluation of a vaccine CoP, the causal agent paradigm and the 
predictor of protection paradigm. The causal agent paradigm 
describes an immunological marker that mechanistically causes 
VE against a clinical endpoint [24], while the prediction para-
digm describes a marker that reliably predicts VE [16]. Both are 
useful, but are assessed using different approaches.

In the present analysis, we adopted the Qin framework, 
which evaluates an immune marker as a predictor of VE (ie, not 
as a mechanistic agent) [16]. The Qin framework provides the 
basis for the WHO report on correlates of vaccine-induced pro-
tection [17]. We applied level 1 of the Qin framework, statistical 
CoP, which applies to a defined population of vaccinees. In this 
scenario, the CoP is predictive of VE only in the same setting as 
the trial, and cannot be considered for other populations and 
settings. Within the Qin framework, we applied the Prentice 
criteria to establish whether HI antibody titers are a statistical 

CoP. Once HI antibody titers were confirmed as a CoP, we used 
2 approaches to identify the protective threshold, the Dunning 
curve and the Siber approach. The Dunning threshold is the HI 
antibody titer corresponding to a prespecified probability of 
protection (eg, 50%) at an individual level. The Siber threshold 
is the HI antibody titer leading to unbiased predicted VE 
(group-level threshold).

The Prentice criteria confirmed that HI antibody titers 
against A/H1N1 and A/H3N2 at 28 days after last vaccination 
are statistical CoPs for RT-PCR–confirmed influenza illness as-
sociated with the corresponding strain. Using the Freedman 
method, the PE indicated that most of the vaccination effect 
was explained by HI titer (75.0%–100% based on observed data 
from the clinical trial).

An HI antibody titer of 1:40 is traditionally considered to 
provide 50% reduction in the risk of acquiring influenza infec-
tion in adults [10]. In our study, the Dunning model predicted 
a probability of protection of 49.7% for influenza illness associ-
ated with A/H1N1 or 54.7% for influenza illness associated with 
A/H3N2 at an HI antibody titer of 1:40 for the corresponding 
influenza strain. The Dunning regression curve has substantial 
variability, which means that estimated thresholds also have 
substantial variability. The curve showed that increasing HI 
titers are associated with progressively higher levels of protec-
tion, which has also been observed in another study [9]. The 
model predicted a probability of protection of >80% at a strain-
specific HI antibody titer of 1:320 for influenza illness associ-
ated with either A/H1N1 or A/H3N2. According to the Siber 
method, an A/H1N1 HI antibody titer of 1:80 corresponded to 
VE of 61.0% against A/H1N1 influenza illness and an A/H3N2 

Table 2. Probability of Protection Against Reverse-Transcription Polymerase Chain Reaction–Confirmed Influenza Illness According to Various Thresholds 
of Log10 Hemagglutination Inhibition Titer Predicted by the Dunning Regression Model

Influenza Illness Endpoint

Probability of Protection at Stated Threshold

1:40 1:80 1:160 1:320 1:640

RT-PCR–confirmed influenza illness: A/H1N1 49.7 62.5 73.7 82.5 88.8

RT-PCR–confirmed influenza illness: A/H3N2 54.7 67.9 78.7 86.6 91.8

Per-protocol correlate of protection. Hemagglutination inhibition titer was measured at 28 days after last vaccination. 

Abbreviation: RT-PCR, reverse-transcription polymerase chain reaction.

Table 1. Proportion of the Treatment Effect Explained by Log10 Hemagglutination Inhibition Titer as the Correlate of Protection Using the Freedman 
Method

Influenza Illness Endpoint

Proportion of Vaccination Effect

Observed From Clinical Trial

Estimated From Resampling (Bootstrap) Method

Mean Median 2.5th Percentile 97.5th Percentile

RT-PCR–confirmed influenza illness: A/H1N1 0.750 0.792 0.755 0.367 1.479

RT-PCR–confirmed influenza illness: A/H3N2 1.461 1.503 1.462 1.020 2.180

Per-protocol correlate of protection. Hemagglutination inhibition titer was measured at 28 days after last vaccination. Mean, median, 2.5th percentile, and 97.5th percentile of the proportion 
of the treatment effect were calculated using the bootstrap method with unrestricted random sampling. The parameter calculated can be >100% using this technique, but in this case, it 
is considered to be 100%.

Abbreviation: RT-PCR, reverse-transcription polymerase chain reaction.
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HI antibody titer of 1:113 corresponded to VE of 46.6% against 
A/H3N2 influenza illness.

In a trial of inactivated trivalent influenza vaccine in children 
6–72 months of age, the CoP against RT-PCR–confirmed in-
fluenza illness associated with A/H3N2 at 50 days after the first 
vaccine dose (approximately 3 weeks after the second dose) 
was evaluated using Prentice criteria and the Dunning model 
[13]. In contrast to our data, the study showed that an HI an-
tibody titer of 1:40 was associated with only a probability of 
22% protection against A/H3N2 influenza illness [13]. A 50% 
and 80% reduction in the risk of influenza illness was associ-
ated with HI antibody titers of 1:110 and 1:330, respectively 
[13]. In a trial of an inactivated trivalent influenza vaccine in 
children 6–17 years of age, a strain-specific HI antibody titer 
of 1:40 was associated with 48% and 55% protection against 
RT-PCR–confirmed infection with A/H1N1pdm09 and B/
Victoria, respectively [14]. Results from different studies 
might vary depending on the population, the vaccine, and de-
gree of vaccine matching in the season studied. In our study, 
VE was very high, despite poor vaccine matching in some 
seasons. Our study was conducted in very young children, 
almost all of whom were vaccine-naive. The high VE prob-
ably reflects the broad immune response normally achieved in 
such children, as previously discussed [15]. Overall, studies in 
children have concluded that HI antibody titers offer a useful 
CoP in children, indicating that this methodology could be a 
useful tool in influenza vaccine development, to predict VE in 
different settings, and to guide vaccination policies and regu-
latory decisions. In our study and the other 2 studies described 

[13, 14], higher strain-specific HI titers were associated with 
greater protection against influenza illness.

A limitation of our study is that we did not explore a CoP 
for influenza B lineages. Very few cases of RT-PCR–confirmed 
influenza associated with B/Victoria were identified in the trial 
(69 of 1049 confirmed influenza cases [7%]) [15]. Assay sta-
bility monitoring performed after the end of the clinical part of 
the study but before the CoP analysis identified a weakness in 
the performance of the assay for the archived B/Yamagata sea-
sonal strain. These 2 factors prevented analysis of a CoP for this 
strain. We also did not explore a CoP using microneutralization 
or neuraminidase inhibition assays because the HI assay is more 
standardized. However, it should be noted that interlaboratory 
variation in HI assays does exist and CoP values derived from 
different assays might not be directly comparable.

The 5 independent study cohorts, 5 different influenza sea-
sons, and the 3 geographical areas (Asia, Central America, 
and Europe/Mediterranean) covered by the study were po-
tential confounders or effect modifiers, but we did not adjust 
the analysis to account for these. However, inclusion of geo-
graphically diverse cohorts across several seasons will alle-
viate some variation in VE related to vaccine matching. In 
addition, it should be noted that multiple immune responses 
interact to provide protection against infection, including 
CD4+ responses, which are key to development of B cells, 
antibody production, and production of cytokines; how-
ever, these factors might be more applicable to adults than to 
children. Further research into the role of cellular immunity 
as a CoP in children is warranted.
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Figure 3. Probability of protection against reverse-transcription polymerase chain reaction–confirmed influenza illness according to log10 hemagglutination inhibition (HI) 
titer predicted by the Dunning model (per-protocol correlate of protection; HI titer measured at 28 days after last vaccination). The density of log10 HI antibody titer lines show 
the distribution of postvaccination HI titers in study participants (the proportion of children with titers of the shown level). The graphs begin at a log10 HI antibody titer of 0.7, 
the assay cutoff level. As expected, a few children in the inactivated quadrivalent influenza vaccine (IIV4) group had very low or very high titers, but most had titers in the 
mid-range. In contrast, most children in the control group had low HI antibody titers. 
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In conclusion, our study validated HI antibody titer as a sta-
tistical CoP, by demonstrating that HI titer is inversely correl-
ated with the risk of experiencing RT-PCR–confirmed influenza 
illness associated with the corresponding influenza strain and is 
predictive of VE in children 6–35 months of age. At an HI titer 
of 1:40, the Dunning model predicted a probability of protec-
tion against influenza illness of 49.7% for A/H1N1 and 54.7% 
for A/H3N2, which is in line with a 50% reduction in the risk 
of infection traditionally associated with this antibody titer. 
Higher titers of 1:320 were associated with >80% probability of 
protection.
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