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Abstract

Background/Objectives: Influenza represents a significant burden on global public health,

and vaccination is the most effective strategy to reduce it. The large investment in vaccina-

tion programs and the need for adjustments in vaccine serotypes are important reasons for

evaluating the influenza vaccine’s efficacy every year. Establishing a relationship between

immunogenicity data and efficacy is also crucial for predicting the efficacy of a vaccine

during its development. Antibody response measurement is one of the most common meth-

ods for evaluating immunogenicity, particularly in vaccines and biologics. The aim of this

systematic review was to define a model that relates the immunogenicity of a given vaccine

to its efficacy, based on hemagglutination inhibition titer levels. Methods: To achieve this

goal, information was gathered from articles linking immunogenicity with the efficacy of

the influenza vaccine in the Medline and Scopus databases. Different mathematical models

were developed and applied to assess the relationship between HAI titers and the effec-

tiveness of the flu vaccine. This analysis was conducted for the various existing vaccines,

for the different influenza virus strains, and for their efficacy in paediatric populations.

Results: The r2 obtained ranged from 0.2579 to 0.966, which points to the importance of

this immunological factor in the efficacy of the influenza vaccine. Conclusions: The efficacy

values for titer level 40 confirm the validity of the data provided by Hobson.

Keywords: influenza; influenza vaccine; efficacy; immunogenicity

1. Introduction

Influenza is a respiratory disease resulting from infection with an influenza virus and

is highly transmissible in humans [1]. The World Health Organization (WHO) estimates

one billion cases of influenza worldwide each year, of which 3–5 million represent severe

forms [2]. An estimated number of 650,000 deaths per year result from influenza infec-

tion [3]. The most effective way to prevent influenza infection and its complications is

through vaccination [4].

Influenza is caused by several RNA viruses from the Orthomyxoviridae family. Influenza

viruses are classified into four types: A, B, C, and D [5]. The four genera of influenza viruses
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are identified by antigenic differences in their nucleoproteins and matrix proteins [6]. Only

types A, B, and C are associated with infections in humans [7], and type C is very rare [8].

This is why flu vaccines only include influenza A and influenza B. Influenza A is divided

into subtypes based on the presence of specific haemagglutinin (HA) and neuroaminidase

(NA) proteins on the surface of the virus, and the most common in circulation are A(H1N1)

and A(H3N2). Surface glycoproteins (hemagglutinin (HA) and neuroaminidase (NA))

allow the virus to attach to, enter, and exit infected cells [6]. Influenza B comprises two

specific lineages: Victoria and Yamagata.

There are two types of vaccines against influenza viruses: inactivated vaccines, in-

cluding trivalent (TIV) and tetravalent (QIV) designs, and live attenuated virus vaccines

(LAIVs) [9].

The response to a vaccine involves both cellular and humoral immunity factors [10,11].

The measurement of HA specific antibodies using hemagglutination inhibition (HAI)

and microneutralization (MN) assays remains the primary correlate of protection against

influenza [12]. The study by Hobson et al. [13], which evaluated antibodies produced

from a natural infection to estimate the HAI titer associated with protection, has classified

an HAI titer of at least 1:40 as protective in adults. Different HAI titers have been

identified in studies for various degrees of protection. This applies both to children and

adults [14–16].

Evaluating the effectiveness of the flu vaccine that is used every year is essential both

because of the large investment that vaccination programs represent and because of the need

for adjustments in vaccine serotypes for them to become more effective in controlling the

disease. Many studies have evaluated vaccine efficacy and point out that the concordance

between the strains included in the vaccine and the most prevalent strains in circulation

is the most influential determining factor for good vaccine efficacy [17,18]. Establishing

a relationship between immunogenicity data and efficacy is crucial for predicting the

effectiveness of a vaccine during its development.

The main objective of this systematic review was to define a model that relates the

immunogenicity of a given vaccine to its efficacy, based on the levels of HAI titers, updating

the data by Hobson et al. [13].

2. Materials and Methods

2.1. Search Strategy and Eligibility Criteria

A comprehensive electronic search of PubMed and Scopus was undertaken to identify

studies examining the association between immunogenicity and efficacy. The following

search string was used: TITLE-ABS-KEY ((flu OR influenza OR influenzavirus) AND (HAI

OR NAI) AND (RCT OR clinical trial OR controlled trial OR efficacy)). Research was carried

out up to December 2024, and the study has been registered on the INPLASY platform with

the registration number INPLASY202570064.

Studies were included if they met the following criteria: (i) they reported immuno-

genicity data including HAI titers; (ii) were randomized clinical trials (RCTs); (iii) as-

sessed the association between HAI levels and efficacy against infection, (iv) including

studies in which data were available only in graphical form; and (v) were published

in English. No restriction on publication date was used, given the limited number of

relevant studies.
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2.2. Outcome Measure

The measurements of stress and protection against influenza infection are associated

with the level of HAI titers. Vaccine performance is determined by vaccine efficacy (VE),

which is equal to the following:

VE = (1 − RR) × 100

where RR is the relative risk, which is given by the proportion of infections among the

vaccinated over the proportion of infections among the unvaccinated. The estimate of the

vaccine efficacy was extracted for each observed titer level. When it was not reported,

efficacy was calculated by using the proportion of infections among the vaccinated at each

titer level as the numerator and the proportion of infections among all the unvaccinated as

the denominator in the RR formula.

2.3. Data Collection and Analysis

Two authors of this review independently assessed the studies’ eligibility by screening

the titles and abstracts. All selected articles from this initial screening were further reviewed

for inclusion through full-text assessment. The information from all selected papers was

independently extracted into a form that included the following: study design, participants,

sample size, description of intervention, outcomes, and quality assessment indicators.

WebPlotDigitizer, version 3.4 [19] software was used to digitize plots when analytical data

were not available. Discrepancies in study selection were resolved through a consensus.

Models for associating vaccine efficacy with HAI titers were derived through a meta-

regression approach. Polynomial (linear, quadratic, and cubic), exponential, and logarith-

mic models were tested, along with a generalized additive model using cubic regression

splines with 4 knots. The weight of each observation was given by the sample size divided

by the number of reported VE estimates of each study. When VE estimates were not

reported, the weight was calculated by (number of vaccinated for a level of titers/total

number of vaccinated) × sample size. The best model was selected using the Bayesian

Information Criterion (BIC).

For each strain of influenza virus and type of vaccine, a model was fitted. The different

models were applied to the specific population of children, in addition to testing all the

information gathered.

The selected models were used to calculate an estimate of the efficacy for HAI titer

levels of 1:30, 1:40, and 1:50. The quality of the model fit was evaluated using the coefficient

of determination r2. Data analysis was conducted in R software [20], including splines [21]

and mgcv packages [22].

2.4. Quality Assessment

Two authors independently assessed the included studies for risk of bias using vali-

dated critical appraisal tools. Inconsistencies were resolved by a third reviewer.

The Cochrane risk-of-bias tool for randomized trials (RoB 2) was used for RCTs [23].

Data were input using the RoB 2 Excel tool (available at https://www.riskofbias.info,

accessed on 1 March 2025). The sensitivity analysis was not conducted because no studies

with a high risk of bias were identified.

3. Results

The search identified a total of 551 records after removing duplicates. The full-text

versions of 44 records were screened for eligibility, 37 of which were excluded. A total of

seven papers were included in the study [24–30]. The selection process is detailed in the

PRISMA flowchart (see Figure 1).
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Figure 1. PRISMA study search flow diagram.

The main characteristics of the RCT studies reported in the articles are summarized

in Table 1. The RCTs’ sample size ranged from 202 to 12,018 in the seven studies. Three

studies were conducted in pediatric populations and four in adults. In three studies, TIV

was the sole vaccine administered. In the remaining studies, TIV and LAIV were both used.

QIV was used alone in one study and in combination with LAIV in another. Influenza virus

detection was performed by PCR testing in all of the studies.

The best model that fit all the data was a logarithmic model (r2 = 0.397). For the

1:40 titer level, the estimate of the VE was 0.430. For the two subpopulations (children

and adults), the model that best fit the data was also a logarithmic model (see Figure 2).

Three articles concern the relationship between HAI titers and vaccine efficacy in chil-

dren [24,25,29] and four in adults [26–28,30]. For the 1:40 titer level, the estimate of the VE

is 0.527 for children (r2 = 0.859) and 0.196 for adults (r2 = 0.474). The results described are

summarized in Table 2. Estimates for other HAI titer levels are also shown in Table 2.
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Table 1. Summary of the included RCT studies. Abbreviations: TIV, trivalent inactivated vaccine;

QIV, tetravalent inactivated vaccine; LAIV, live attenuated vaccine; PCR, polymerase chain reaction;

y, years; m, months; N, sample size.

Author Country N Population Season Vaccine Test

Hirota 1997 [27] Japan 202 Adults (19–76 y) 1991/1992 TIV PCR
Black 2011 [24] Europe and USA 777 Children (6–17 m) 2007 to 2009 TIV PCR
Ohmit 2011 [30] USA 5510 Adults (18–49 y) 2007/2008 TIV and LAIV PCR

Ng 2013 [29] Hong Kong (China) 3092 Children (6–17 m) 2010 TIV PCR
Monto 2015 [28] USA 497 Adults (18–49 y) 2007/2008 TIV and LAIV PCR
Gilbert 2019 [26] USA 1952 Adults (18–49 y) 2007/2008 QIV and LAIV PCR
Danier 2021 [25] USA and UK 12,018 Children (6–35 m) 2011 to 2014 QIV PCR

 

Figure 2. Scatterplots of vaccine efficacy and HAI titers: (a) children; (b) adults; (c) all. The red line

represents the fitted model.

Table 2. Comparison of vaccine efficacy in different populations according to several HAI levels.

Abbreviations: r2, coefficient of determination; VE, vaccine efficacy; HAI, hemagglutination inhibition;

CI, confidence interval.

Population Model r2
VE for HAI

Level 30
(95% CI)

VE for HAI
Level 40
(95% CI)

VE for HAI
Level 50
(95% CI)

Proportion of
Studies with

Low Risk of Bias

Children Logarithmic 0.859
0.486

(0.438–0.534)
0.527

(0.486–0569)
0.559

(0.522–0.596)
2/3

Adults Logarithmic 0.474
0.150

(0.020–0.279)
0.196

(0.075–0.317)
0.231

(0.117–0.346)
3/4

All Logarithmic 0.397
0.389

(0.301–0.476)
0.430

(0.351–0.509)
0.461

(0.388–0.535)
5/7

3.1. Subgroup Analysis

To explore the sources of variation in vaccine efficacy, a subgroup analysis was per-

formed according to the vaccine strains and type.
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3.1.1. Efficacy per Vaccine Strain

The model that best fit the data related to the A H1N1, A H3N2, and B strains was

a logarithmic model. A linear model was used for the data of unspecified strains (see

Figure 3).

 

Figure 3. Scatterplots of vaccine efficacy and HAI titers: (a) A (H1N1); (b) A (H3N2); (c) B; (d) un-

specified strain. The red line represents the fitted model.

Four articles examine the relationship between HAI titers and efficacy against in-

fluenza A H1N1 [25–27,29], while four others address the same relationship for influenza A

H3N2 [24,25,27,28]. Additionally, two articles focus on efficacy against influenza B [27,29],

and two others discuss efficacy without specifying the involved strains [26,30]. For the

1:40 titer level, the estimated VE was 0.511 for A H1N1 (r2 = 0.966), 0.544 for A H3N2

(r2 = 0.578), 0.528 for B (r2 = 0.513), and 0.403 when the strains are not specified (r2 = 0.258).

The results described are summarized in Table 3. Estimates for other HAI titer levels are

presented in Table 3.

Table 3. Comparison of vaccine efficacy by vaccine strain according to several HAI levels.

Criteria Model r2
VE for HAI

Level 30
(95% CI)

VE for HAI
Level 40
(95% CI)

VE for HAI
Level 50
(95% CI)

Proportion of
Studies with

Low Risk of Bias

Influenza A
(H1N1)

Logarithmic 0.966
0.470

(0.440–0.501)
0.511

(0.485–0.538)
0.543

(0.519–0.567)
2/4

Influenza A
(H3N2)

Logarithmic 0.5778
0.506

(0.426–0.586)
0.544

(0.474–0.615)
0.574

(0.511–0.637)
3/4

Influenza B Logarithmic 0.5133
0.490

(0.221–0.759)
0.528

(0.301–0.754)
0.557

(0.361–0.753)
0/2

Unspecified
strain

Linear 0.2579
0.402

(0.286–0.519)
0.403

(0.287–0.519)
0.404

(0.288–0.520)
2/2

Abbreviations: r2, coefficient of determination; VE, vaccine efficacy; HAI, hemagglutination inhibition; CI,
confidence interval.
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3.1.2. Efficacy per Vaccine Type

The best model that fit all the data involving the different type of vaccines was a

logarithmic model (see Figure 4).

 

Figure 4. Scatterplot of vaccine efficacy and HAI titers: (a) TIV; (b) QIV; (c) LAIV. The red line

represents the fitted model.

Five articles concern the relationship between TIV (a) HAI titers and efficacy [24,27–30],

two articles concern the relationship between QIV (b) HAI titers and efficacy [25,26], and

three articles concern the relationship between LAIV (c) HAI titers and efficacy [26,28,30].

For the 1:40 titer level, the estimated VE was 0.506 for TIV (r2 = 0.312), 0.569 for QIV

(r2 = 0.878), and 0.048 for LAIV (r2 = 0.556). The results described are summarized in

Table 4, and estimates for other HAI titer levels are described in Table 4.

Table 4. Comparison of vaccine efficacy by vaccine types according to several HAI levels.

Criteria Model r2
VE for HAI

Level 30
(95% CI)

VE for HAI
Level 40
(95% CI)

VE for HAI
Level 50
(95% CI)

Proportion of
Studies with

Low Risk of Bias

TIV Logarithmic 0.312
0.481

(0.381–0.582)
0.506

(0.415–0.597)
0.525

(0.441–0.609)
3/5

QIV Logarithmic 0.8784
0.533

(0.478–0.588)
0.569

(0.520–0.617)
0.596

(0.553–0.639)
2/2

LAIV Logarithmic 0.5563
−0.006

(−0.189–0.178)
0.0476

(−0.126–0.221)
0.089

(−0.078–0.255)
3/3

Abbreviations: r2, coefficient of determination; HAI, hemagglutination inhibition; VE, vaccine efficacy; CI,
confidence interval; TIV, trivalent inactivated vaccine; QIV, tetravalent inactivated vaccine; LAIV, live attenu-
ated vaccine.

3.2. Risk-of-Bias Assessment

According to RoB2.0, five studies were classified as having a low risk of bias. However,

for two of the included articles [27,29], it was not possible to verify if individuals were
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randomly allocated to a vaccination group or a placebo. A summary of the results is

presented in Figure 5.

Figure 5. RoB2.0 assessment of the included RCT studies with 5 domains. (D1: Randomization pro-

cess, D2: Deviations from the intended interventions, D3: Missing outcome data; D4: Measurement

of the outcome, D5: Selection of the reported result) [24–30].

4. Discussion

This study aimed to define a model that relates the immunogenicity of the influenza

vaccine to its efficacy, based on the levels of HAI titers, updating the data by Hobson et al. [13].

After extracting the data from the different articles selected, models were applied to

relate the levels of HAI titers obtained to the efficacy of the vaccine and/or its protective

factor against the disease. This was accomplished for the different strains as well as

for the different types of vaccine. In addition, the relationship between HAI titer levels

and efficacy in children was evaluated, since it has been suggested that higher HAI titer

levels are necessary for a satisfactory protective factor, though there is not a consensus

on this [31–34]. The adjusted model for children showed an excellent adjustment, which

emphasizes the importance of HAI titers in the efficacy of the flu vaccine. The estimate for

the 40 titer level is in line with the expected values. The three studies on adults coincided

with the studies that included LAIVs. The efficacy values found for this vaccine were

very low. The value found in adults was less than half that found in children. If we only

analyzed the studies in adults that did not include LAIVs (three studies with TIVs and one

study with QIV), we would obtain values of 0.587, which shows that, in this case, LAIVs

negatively influence the estimates obtained for adults. As far as LAIVs are concerned,

even a titer level of 400 would not meet the reference value of 0.50 (0.474). Assessing

the efficacy of live attenuated influenza vaccines (LAIVs) in adults remains challenging,

primarily due to their limited administration in this age group—a limitation previously

underscored in a meta-analysis by Perego et al. [35]. Given the very small number of adults

receiving LAIVs, even a single mismatch between the vaccine strain and the predominant

circulating strain in a particular season can markedly influence efficacy estimates. In the

present study, the exclusion of LAIV recipients yielded efficacy estimates consistent with

those reported in the existing literature. Nonetheless, LAIVs may exhibit poor efficacy

even in seasons with a good antigenic match. Mathematical modelling studies suggest that

pre-existing immunity can attenuate vaccine effectiveness, potentially because memory

immune responses neutralize the attenuated virus before it can trigger a robust secondary

immune response [36]. This phenomenon may contribute to the higher efficacy observed in

children, who are generally immunologically naive to influenza viruses. Similar findings

regarding the dampening effect of pre-existing immunity on LAIV efficacy have been

reported by Subbarao and colleagues [37].
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A pooled analysis of influenza vaccine effectiveness stratified by population charac-

teristics and circulating strains could not be performed due to the insufficient number of

eligible studies.

Using the developed mathematical models, efficacy estimates were made for HAI titers

of 30, 40, and 50. Overall, these estimates support Hobson’s data [13]. A slight increase or

decrease in titer levels does not appear to significantly affect the vaccine’s efficacy.

In a recent study, the proportions of vaccine efficacy mediated by post-vaccination

HAI titers were estimated to be 22% for influenza A(H1N1), 20% for influenza A(H3N2),

and 37% for influenza B/Victoria [38]. The values obtained in our study are higher and are

based on models that demonstrate a good adjustment. This underscores the importance of

HAI titer levels in estimating the effectiveness of the flu vaccine, aligning with findings in

other publications [31,32,39–41].

Given the suboptimal and variable efficacy of current seasonal influenza vaccines, par-

ticularly among the elderly and immunocompromised populations, the scientific commu-

nity is increasingly focused on optimizing immunization strategies [18,42]. Hemagglutinin

(HA) remains the primary antigenic target due to its role in viral entry and immunogenic

potential. To enhance vaccine-induced protection, alternative approaches such as adju-

vanted formulations, recombinant platforms, and high-dose inactivated vaccines have

been introduced [43]. These strategies have demonstrated improved immunogenicity and

clinical effectiveness in various populations [44–46].

Influenza virus infection induces both humoral and cellular immune responses, with

the humoral responses usually considered as indicators of protection [40]. Antibodies

targeting the HA and NA proteins, which neutralize the virus, inhibit hemagglutination,

or block neuraminidase activity, are associated with protection against the disease [41].

Neuraminidase is also present in most influenza vaccines. As measured by neuraminidase

inhibition (NAI) assays, anti-NA antibodies play a role independent from HAI in pro-

tection from influenza disease and/or in reducing influenza disease severity [26]. The

neuraminidase inhibition component cannot be ruled out in the efficacy of the flu vac-

cine [47,48].

Another promising target is the matrix protein 2 ectodomain (M2e), a highly conserved

region of the M2 ion channel involved in viral assembly and disassembly [49]. Despite

its limited natural immunogenicity, M2e can elicit broad, IgG-mediated cross-protection

when delivered in conjugated forms or as virus-like particles. However, its protective

efficacy is largely dependent on Fc-mediated effector functions, and no definitive immune

correlate has been established, complicating efficacy assessments outside large-scale clinical

trials [50,51]. Although passive immunization with M2e-specific monoclonal antibodies

has shown some efficacy in human challenge models, high-dose formulations have been

associated with unacceptable levels of systemic reactogenicity [52]. As such, M2e-based

vaccines are currently considered as adjuncts to HA-based formulations, particularly in

cases of antigenic mismatch with circulating strains.

In addition, the nucleoprotein (NP) and other internal antigens have been explored as

vaccine components capable of eliciting robust cell-mediated immune responses, including

CD4+ and CD8+ T cells. These responses, particularly when involving tissue-resident

memory T cells or T follicular helper cells, may significantly improve the breadth and

durability of protection by targeting conserved epitopes across influenza subtypes [53,54].

Targeting a CD8+ T cell response in conjunction with B cell and antibody responses is

particularly advantageous, and several vaccine technologies under investigation are capable

of inducing such responses [55]. Despite these challenges [51,56], human studies have

consistently associated elevated levels of cross-reactive CD8+ T cells with reduced viral
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shedding and milder clinical disease, reinforcing their importance as a target in next-

generation vaccine development [55,57,58].

Despite the valuable insights provided by our modelling approach, the study has sev-

eral limitations that warrant consideration. The first is that only seven studies fulfilled the

inclusion criteria, which limited the scope of the analysis, particularly in subgroup compar-

isons and strain-specific assessments. The limited number of eligible studies also prevented

pooled analyses stratified by host characteristics or circulating viral strains. The evaluation

of live attenuated influenza vaccines (LAIVs) in adults posed additional challenges, as

their use in this age group is uncommon, and the small sample size makes the efficacy

estimates highly sensitive to factors such as strain mismatch in a given season. Moreover,

while the model focused on HAI titers as a correlate of protection, it did not account for

other immune markers as components of influenza vaccine-induced immunity. Finally,

the use of mathematical modelling inherently involves assumptions and simplifications

that may not fully capture the biological complexity of immune responses, particularly in

populations with varied levels of prior exposure to influenza viruses. These limitations

should be considered when interpreting our findings.

5. Conclusions

In conclusion, this study reinforces the role of HAI titers as a key correlate of pro-

tection in influenza vaccination, particularly in children, in whom higher antibody levels

appear necessary to achieve adequate efficacy. The modelling results demonstrated a clear

association between increasing HAI titers and improved vaccine performance, especially

for inactivated formulations such as TIV and QIV. Conversely, the substantially lower

efficacy observed for LAIVs in adults, likely influenced by limited data availability and

underlying factors such as pre-existing immunity, highlights the need for further targeted

research in this subgroup. While the models presented offer valuable insights, they are

based on a restricted pool of studies and focused primarily on humoral markers. Future

vaccine developers and evaluators should consider these findings, while also integrating

additional immunological and population-specific factors.
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