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Relative Vaccine Effectiveness of Cell- vs Egg-Based 
Quadrivalent Influenza Vaccine Against Test-Confirmed 
Influenza Over 3 Seasons Between 2017 and 2020 in the 
United States
Alicia N. Stein,1, Carrie W. Mills,2 Ian McGovern,3, Kimberly W. McDermott,2 Alex Dean,2 Alina N. Bogdanov,2 Sheena G. Sullivan,4,5

and Mendel D. M. Haag6

1Centre for Outcomes Research and Epidemiology, CSL Seqirus, Melbourne, Australia, 2Real World Evidence, Veradigm, Chicago, Illinois, USA, 3Centre for Outcomes Research and Epidemiology, 
CSL Seqirus, Waltham, Massachusetts, USA, 4WHO Collaborating Centre for Reference and Research on Influenza, Royal Melbourne Hospital, and Department of Infectious Diseases, University of 
Melbourne, at the Peter Doherty Institute of Infection and Immunity, Melbourne, Australia, 5Department of Epidemiology, University of California, Los Angeles, California, USA, and 6Centre for 
Outcomes Research and Epidemiology, CSL Seqirus, Amsterdam, Netherlands

Background. Influenza vaccine viruses grown in eggs may acquire egg-adaptive mutations that may reduce antigenic similarity 
between vaccine and circulating influenza viruses and decrease vaccine effectiveness. We compared cell- and egg-based quadrivalent 
influenza vaccines (QIVc and QIVe, respectively) for preventing test-confirmed influenza over 3 US influenza seasons (2017–2020).

Methods. Using a retrospective test-negative design, we estimated the relative vaccine effectiveness (rVE) of QIVc vs QIVe 
among individuals aged 4 to 64 years who had an acute respiratory or febrile illness and were tested for influenza in routine 
outpatient care. Exposure, outcome, and covariate data were obtained from electronic health records linked to pharmacy and 
medical claims. Season-specific rVE was estimated by comparing the odds of testing positive for influenza among QIVc vs QIVe 
recipients. Models were adjusted for age, sex, geographic region, influenza test date, and additional unbalanced covariates. A 
doubly robust approach was used combining inverse probability of treatment weights with multivariable regression.

Results. The study included 31 824, 33 388, and 34 398 patients in the 2017–2018, 2018–2019, and 2019–2020 seasons, 
respectively; ∼10% received QIVc and ∼90% received QIVe. QIVc demonstrated superior effectiveness vs QIVe in prevention 
of test-confirmed influenza: rVEs were 14.8% (95% CI, 7.0%–22.0%) in 2017–2018, 12.5% (95% CI, 4.7%–19.6%) in 2018–2019, 
and 10.0% (95% CI, 2.7%–16.7%) in 2019–2020.

Conclusions. This study demonstrated consistently superior effectiveness of QIVc vs QIVe in preventing test-confirmed 
influenza over 3 seasons characterized by different circulating viruses and degrees of egg adaptation.

Keywords. cell-based quadrivalent influenza vaccine; egg adaptation; influenza; influenza virus mismatch; relative vaccine 
effectiveness.

Received 08 December 2023; editorial decision 11 March 2024; accepted 20 March 2024; 
published online 2 May 2024

Correspondence: Alicia N. Stein, PhD, Director, Real World Evidence, Centre for Outcomes 
Research and Epidemiology, CSL Seqirus, 655 Elizabeth St, Melbourne, VIC 3000, Australia 
(alicia.stein@seqirus.com).

Open Forum Infectious Diseases® 

© The Author(s) 2024. Published by Oxford University Press on behalf of Infectious Diseases 
Society of America. This is an Open Access article distributed under the terms of the 
Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original 
work is properly cited. 
https://doi.org/10.1093/ofid/ofae175

Vaccines are the primary means to reduce the significant mor
bidity, mortality, and high-cost burden of influenza [1–4]. The 
majority of influenza vaccines are produced with fertilized 
chicken eggs. However, efficient growth of human influenza vi
rus in eggs requires the vaccine seed viruses to adapt to avian 
receptors. This process, called egg adaptation, often leads to 
mutations in antigenic sites of the viral hemagglutinin (HA) 
protein that can alter the antigenicity of the vaccine and impair 

the recipient’s immune response to circulating virus, thereby 
reducing effectiveness [5–9]. The use of propagation methods 
not based on eggs, such as mammalian cell culture, obviates 
egg adaptation and yields candidate vaccine viruses (CVVs) 
more antigenically similar to their original wild type viruses [5, 
10]. Cell-based quadrivalent influenza vaccine (QIVc) grown in 
Madin-Darby canine kidney cell lines (Flucelvax Quadrivalent; 
CSL Seqirus USA Inc) first included a cell-derived CVV for the 
A(H3N2) strain during the 2017–2018 season. In the 2018– 
2019 season, QIVc included cell-derived CVVs for A(H3N2), 
B/Victoria, and B/Yamagata. In 2019–2020, all 4 CVVs within 
QIVc were cell derived, enabling isolation and vaccine manufac
ture entirely in Madin-Darby canine kidney lines [11].

Observational studies showed the benefit of cell- vs egg- 
based influenza vaccines during 3 seasons between 2017 and 
2020 [12–18]. These studies used retrospective cohort designs 
with relative vaccine effectiveness (rVE) estimates based on 
influenza-related clinical diagnosis outcomes [12–18]. In 
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addition, several test-negative design (TND) studies have re
ported the rVE of cell- vs egg-based influenza vaccines with 
test-confirmed influenza outcomes [19–23]. The TND studies 
evaluated vaccine effectiveness based on data from patients 
tested for influenza after presenting for medical care with respi
ratory illness symptoms [24, 25]. Because the controls met the 
same clinical criteria as cases, this design helped to reduce po
tential selection biases due to differential health care–seeking 
behavior. Furthermore, the use of test-confirmed influenza out
comes reduces the risk of misclassification of influenza status 
[24, 26]. The TND approach is often considered the best prac
tice for prospective influenza surveillance systems and is in
creasingly being applied to retrospective studies [25, 27, 28].

Similar to the cohort studies cited previously, available TND 
studies have generally reported higher point estimates of cell- 
vs egg-based vaccine effectiveness [19–23]. However, none 
have had a sufficient sample size to reliably estimate rVE and 
with high precision. Therefore, using an integrated data set 
with a source population >120 million patients in the United 
States, we sought to retrospectively evaluate the rVE of QIVc 
vs egg-based quadrivalent influenza vaccine (QIVe) in prevent
ing test-confirmed influenza in the outpatient setting over the 
3 influenza seasons between 2017 and 2020.

METHODS

We used an observational retrospective TND to estimate the 
rVE of QIVc vs QIVe in individuals aged 4 to 64 years against 
test-confirmed influenza during the 2017–2018, 2018–2019, 
and 2019–2020 influenza seasons in the United States. The 
study was designed, implemented, and reported in accordance 
with good pharmacoepidemiologic practice, applicable local 
regulations, and the ethical principles laid down in the 
Declaration of Helsinki as well as the RECORD recommenda
tions (Reporting of Studies Conducted Using Observational 
Routinely Collected Health Data) [29, 30].

Data Sources

Study data were sourced from the Veradigm Integrated Dataset 
[31]. Briefly, the data set links electronic health records (EHRs) 
held on the Veradigm Health Insights platform, which includes 
components from Allscripts Tiers 1 and 2 and Practice Fusion, 
with pharmacy and medical claims data from Komodo Health 
Inc. Veradigm is a large EHR company in the United States, 
with its data comprising primary care and other specialist inter
actions for >120 million patients. The Veradigm EHR platform 
serves primary care and other specialist physicians who provide 
a comprehensive array of health care services, including the is
suing of prescriptions and vaccinations. Practices using the 
Veradigm EHR platform may elect to connect to a clinical lab
oratory electronically so that when a test result is available for a 
patient, it is sent directly into the EHR. Providers can also enter 

test results into the EHR manually. The data available on the 
results of the influenza tests performed as part of routine out
patient care form the basis of the outcome for this study. 
This study additionally used data from Komodo Health, a 
health care artificial intelligence company that collects, inte
grates, and licenses deidentified health care claims data. 
Administrative claims contain information about health care 
received in the inpatient and outpatient settings, as well as in
formation about pharmacy prescriptions. Komodo sources 
data directly from payers as well as from broad-based health 
care sources, such as clearinghouses, pharmacies, and software 
platforms, and can capture a patient’s activities regardless of the 
insurance provider. An “any claims” definition (open or closed) 
was used to conduct the analysis. Patient records from the mul
tiple data sources are linked via patient-level deidentified to
kens created deterministically from fields such as name, date 
of birth, and gender via an algorithm developed by Datavant. 
This integrated data set has been found to contain key variables 
for the assessment of influenza vaccine effectiveness and to be 
generally representative of the US insured population [31].

The database operates under certification of statistical dei
dentification according to US HIPAA regulations (Health 
Insurance Portability and Accountability Act) by a third-party 
HIPAA expert determination provider. The certification pro
cess ensures that investigators have access only to deidentified 
data and cannot pose a risk to reidentification; studies based on 
such certification are therefore exempt from institutional re
view board approval and from obtaining informed consent.

The study included 3 influenza seasons in the United States 
(Centers for Disease Control and Prevention [CDC] epidemiol
ogy weeks 40 through 20): 1 October 2017 to 19 May 2018, 
30 September 2018 to 18 May 2019, and 29 September 2019 
to 7 March 2020. The last season was truncated to March 
2020 because health care–seeking behavior and influenza 
circulation were dramatically altered with the onset of the 
COVID-19 pandemic [32].

Patient Consent Statement

This study does not include factors necessitating patient 
consent.

Study Population

The study population comprised vaccinated patients aged 4 to 
64 years who were tested for influenza as part of routine care 
within 7 days of presenting with an acute respiratory or febrile 
illness (ARFI). ARFI was identified by ICD-10-CM diagnosis 
codes (Supplementary Table 1) [33]. In each season, eligible 
participants were vaccinated with either QIVc or QIVe between 
1 August and 14 days before they were tested for influenza. 
They also had EHR transcript and claims activity spanning 
≥1 year prior to the vaccination date so that baseline demo
graphic and clinical data could be captured. Individuals were 
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excluded if data for sex and geographic region were missing in 
the EHR, as these were considered a proxy for data quality and 
completeness.

Vaccination status was identified by CVX codes (vaccine ad
ministered), CPT codes, and National Drug Codes 
(Supplementary Table 2). Participants were excluded if (1) 
QIVc or QIVe was received <14 days prior to testing; (2) 
they received any influenza vaccination between the end of 
the previous influenza season (as defined by the CDC) and 
1 August of the current season; and (3) they had >1 influenza im
munization recorded between 1 August and the influenza test date 
during the same season or, if aged <9 years, had >2 influenza vac
cines or 2 different influenza vaccines (ie, a mix of QIVc and 
QIVe) between 1 August and the influenza test date.

Influenza testing information was identified via LOINC 
(Logical Observation Identifiers Names and Codes), CPT, 
or Systematized Nomenclature of Medicine concepts 
(Supplementary Table 3). All types of influenza test were con
sidered: antigen, molecular (polymerase chain reaction, nucleic 
acid test), virus culture, and antibody. The first influenza test 
result was considered for each season, except when a negative 
test result preceded a positive one during the season; the posi
tive test result was considered in keeping with the principle of 
cumulative seasonal incidence. Individuals testing positive 
were classified as “cases” while those testing negative were clas
sified as “controls” (Supplementary Text 1). The date of the val
id influenza test result (definitively positive or negative) was 
defined as the test date (Supplementary Text 2).

Statistical Analyses

For a complete description of the statistical methods, see 
Supplementary Text 3 and Supplementary Tables 4 and 5.

A logistic regression model was used to obtain odds ratios 
comparing the odds of testing positive for influenza between 
QIVc and QIVe recipients for each season. Influenza status 
was modeled as the outcome and vaccination type (QIVc vs 
QIVe) as the exposure. rVE was calculated by the formula 
rVE = (1 – odds ratio) × 100% and reported with 95% CIs. 
The main analysis is based on a doubly robust approach com
bining inverse probability of treatment weighting (IPTW) and 
multivariable adjustment. Results of the stepwise implementa
tion of the model are reported in the supplementary materials. 
These include an unadjusted rVE, a model adjusted with IPTW 
only, and a standard multivariable model only (Supplementary 
Table 4).

The methodology used to perform the doubly robust analysis 
is detailed in Supplementary Text 3. Briefly, the propensity 
score models used to derive the IPTW weights were adjusted 
for the covariates defined a priori—age (continuous), sex, re
gion (Northeast, Midwest, South, West), and influenza test 
date (as spline)—and any other covariates shown to be unbal
anced between vaccine exposure groups before weighting. 

Other assessed covariates included race, ethnicity, week of vac
cination, Charlson Comorbidity Index (CCI) score [34], the 
presence of high-risk medical conditions for which the CDC 
recommends influenza vaccination, and health care resource 
utilization (Supplementary Table 6). In a TND study, the con
trol group is assumed to represent the overall source-eligible 
population. It is therefore within this control group that char
acteristics of patients in each vaccine group are evaluated for 
potential confounding. Covariate balance between vaccine expo
sure groups was evaluated among the controls by standardized 
mean differences (SMDs), with an a priori threshold of an abso
lute value ≤0.1 indicating a negligible difference. Using estab
lished methods for estimating propensity scores within 
case-control studies [35], we first estimated propensity scores 
for treatment group membership (ie, QIVc vs QIVe) among con
trols and then used the fitted model to calculate propensity for 
treatment group membership scores for the cases. Propensity 
scores were used to calculate stabilized weights. For the doubly 
robust analysis, the IPTW sample was used in a multivariable lo
gistic regression model adjusted for the a priori covariates age, 
sex, region and test date and any other covariates that remained 
unbalanced after weighting (Supplementary Table 5).

Three prespecified sensitivity analyses were conducted to 
evaluate the robustness of key assumptions and residual con
founding in the main analysis. First, the “propensity to be test
ed” was assessed to address the potential bias inherent in the 
selection of patients who were tested for influenza, regardless 
of vaccine type. Second, the analysis was limited to the seasonal 
peak period to examine potential bias from the lower predictive 
performance of influenza tests when influenza activity is low. 
The peak period was determined by the moving epidemic 
method algorithm for each season [36]. Epidemic thresholds 
for the start and stop of the influenza circulation were calculat
ed per CDC laboratory data on the percentage of outpatient in
fluenza tests administered that were positive for influenza [37, 
38]. This restricted the analyses to 11 December 2017 to 18 
March 2018, 17 December 2018 to 7 April 2019, and 8 
December 2019 to 7 March 2019. Third, “matched index 
week”—which matched cases and controls who were tested for 
influenza during the same week of the calendar year—was 
used to address potential residual confounding due to the timing 
of the test, since this approach is less sensitive to model misspe
cification than the adjustment in the main analysis [39, 40]. 
Further sensitivity analysis excluding antibody and culture tests 
was performed as recommended during the peer review process, 
to address potential bias due to the lack of specificity for antibody 
tests to reliably detect acute disease and potential differences in 
patients tested by culture methods.

An exploratory sensitivity analysis examined the potential 
impact of the sensitivity and specificity of the influenza tests, 
and 2 post hoc analyses were conducted to explore observed 
differences in rVE estimates derived from the multivariable 
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regression relative to the doubly robust analysis in the 2019– 
2020 season. Methods are described in Supplementary Text 3.

RESULTS

Study Population

The selection of the study population based on inclusion and 
exclusion criteria is presented for each season in Figure 1 and 
Supplementary Table 7. The final study populations included 
31 824 individuals in the 2017–2018 season, 33 388 in 2018– 
2019, and 34 398 in 2019–2020. Of these, 3115 (9.8%), 3426 
(10.3%), and 3890 (11.3%) were respectively vaccinated with 
QIVc and 28 709 (90.2%), 29 962 (89.7%), and 30 508 (88.7%) 
with QIVe (Supplementary Table 7). Over all 3 seasons, influ
enza testing increased gradually in October and November, ac
celerated in December and January, and peaked in late January 
and early February (Figure 2). For 2019–2020, the full curve 
could not be observed due to the COVID-19 pandemic, but 
the initial trends were similar to the 2017–2018 season.

Across the 3 seasons, in the unweighted population, the mean 
ages of QIVc recipients were 42.5, 38.8, and 37.2 years, whereas 
the mean ages of QIVe recipients were 27.6, 23.3, and 21.8 years 
(Supplementary Table 6). The majority of QIVe recipients in 
each season were aged 4 to 17 years, while most QIVc recipients 
were adults. In each season, the majority of participants were fe
male, White, non-Hispanic, and from southern US states. The 
mean ± SD CCI score ranged from 0.5 ± 1.0 in 2019–2020 to 
0.6 ± 1.2 in 2017–2018 among QIVc recipients and from 0.3 ±  
0.8 in 2019–2020 to 0.5 ± 1.0 in 2017–2018 in the QIVe group. 
The QIVc group included more individuals with ≥1 high-risk 
medical condition (Supplementary Figure 1; Supplementary 
Table 6). Baseline all-cause health care resource utilization was 
similar between vaccine groups, with an average of 5.3 to 5.7 out
patient visits in the 12 months prior to vaccination in each sea
son. Across all seasons, 5.0% to 6.5% of patients had at least 1 
inpatient admission, while 17.7% to 19.6% had at least 1 emer
gency department visit (Supplementary Table 6).

Prior to weighting, there was an imbalance (SMD >|0.1|) be
tween the QIVc controls and QIVe controls in all seasons 
across age, region, and 5 of 12 high-risk conditions (neurologic 
and neurodevelopmental conditions, blood disorders, endo
crine disorders, heart disease and related conditions, and met
abolic disorders), as well as season-specific imbalances in sex in 
the 2017–2018 and 2019–2020 seasons, West region in the 
2019–2020 season, CCI in the 2018–2019 and 2019–2020 sea
sons, and liver disorders in the 2018–2019 season. After 
IPTW, covariate balance was achieved in all 3 seasons, with 
SMDs ≤|0.1| for each covariate except White race (SMD, 
0.13) during the 2017–2018 season and Midwest region 
(SMD, 0.13) during the 2019–2020 season (Figure 3).

Most influenza testing was done with an antigen test (>90% 
of testing in the first and second seasons and >80% in the third) 

or with a molecular test (6%–18% across seasons). Culture and 
antibody tests each accounted for <1% of samples 
(Supplementary Tables 6 and 8).

Among QIVc recipients, 23.3%, 21.1%, and 25.2% of each 
season’s study population had a test-confirmed case of influen
za, as compared with 29.2%, 31.0%, and 32.7% of QIVe recip
ients (Supplementary Table 7).

rVE of QIVc vs QIVe

In the doubly robust analysis, the estimated rVE of QIVc vs 
QIVe was 14.8% (95% CI, 7.0%–22.0%), 12.5% (95% CI, 
4.7%–19.6%), and 10.0% (95% CI, 2.7%–16.7%) in the 2017– 
2018, 2018–2019, and 2019–2020 seasons, respectively 
(Figure 4; Supplementary Table 9).

In each season, the rVE point estimates and 95% CIs of sen
sitivity analyses based on (1) propensity to be tested for influ
enza, (2) peak influenza season, (3) matched index week 
(patients tested for influenza during the same week of the cal
endar year), and (4) exclusion of culture and antibody tests 
were within 2% to 3% of the main doubly robust analysis re
sults, with overlapping 95% CIs that excluded the null 
(Figure 5, Supplementary Table 10).

Results of the unadjusted model, the model adjusted with 
IPTW only, and the standard multivariable model only are 
shown in Supplementary Table 9. Results of the exploratory 
and post hoc analyses are shown in Supplementary Tables 11 
and 12.

DISCUSSION

Over 3 seasons evaluated by a retrospective TND approach, 
QIVc was superior to QIVe in preventing test-confirmed influ
enza among individuals aged 4 to 64 years. Our estimated rVEs 
of QIVc vs QIVe were 14.8% (7.0%–22.0%), 12.5% (4.7%– 
19.6%), and 10.0% (2.7%–16.7%) during the 2017–2018, 
2018–2019, and 2019–2020 influenza seasons, respectively. 
Sensitivity analyses examining the impact of propensity to be 
tested, restriction to the peak influenza season, and matching 
on test week resulted in rVE point estimates and 95% CIs 
that were consistent with the main findings, supporting their 
robustness.

The improved effectiveness of QIVc over QIVe observed in 
this study is consistent with the expected advantages of propa
gation of human influenza viruses in qualified mammalian cell 
lines, obviating the need for egg-adapted mutations and dou
bling the rate of virus isolation as compared with egg-based 
propagation, thus improving the choice, match, and potentially 
the effectiveness of seasonal influenza vaccines as compared 
with egg-based vaccines [5]. For the first time, in 2017–2018 
the World Health Organization provided a recommendation 
for a cell-derived CVV for the A(H3N2) strain that was includ
ed in QIVc, while the other strains remained egg derived 
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(Supplementary Table 13). Egg adaptation in the A(H3N2) vac
cine virus was considered a major cause of antigenic mismatch 
and reduced vaccine effectiveness in this season, with the egg- 
based CVV (A/Hong Kong/4801/2014) having acquired the 

T160K, L94P, and N96S egg-adaptive mutations [5]. The 
T160K and L194P mutations are located in antigenic site B of 
the H3 HA protein and have been shown to alter the antigenic
ity of the vaccine through loss of a glycosylation site and altered 

Figure 1. Study population selection for each season. ARFI, acute respiratory or febrile illness; EHR, electronic health record; QIVc, cell-based quadrivalent influenza 
vaccine; QIVe, egg-based quadrivalent influenza vaccine.

Figure 2. Percentage of study populations tested for influenza within 7 days of a documented acute respiratory or febrile illness. From the influenza seasons of 2017–2018 
(dotted line), 2018–2019 (dashed line), and 2019–2020 (solid line). Data from the final season were truncated to avoid confounding factors due to onset of the COVID-19 
pandemic.
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mobility [7, 9]. The US 2018–2019 season initially had predom
inant circulation of A(H1N1) virus, followed by cocirculation 
with A(H3N2) virus, which drifted away from the vaccine 
strain toward the end of the season [41]. In this season, the 
A(H3N2) and both influenza B CVVs for the QIVc were cell 
derived (Supplementary Table 13). Egg adaptation and drift 
contributed to the low observed vaccine effectiveness, with 
the recommended egg-based CVV (A/Singapore/INFIMH- 
16-0019/2016) having acquired the same T160K and L94P 
egg-adaptive mutations as the previous season’s vaccine virus, 
as well as D225G, a substitution located in the receptor-binding 

site [5, 6]. The 2019–2020 season was characterized by predom
inant circulation of B/Victoria and A(H1N1) viruses [42]. At 
that point, all CVVs for QIVc were cell derived. Antigenic char
acterization showed fewer egg-propagated B/Victoria viruses 
that were antigenically similar to the reference virus as com
pared with cell-propagated viruses (8% vs 60%), suggesting 
egg adaptation [43]. Indeed, N195T and T197I substitutions 
(vs the original clinical specimen) were observed in the HA 
proteins of the egg-based CVVs B/Colorado/06/2017 and 
B/Maryland/15/2016, respectively (K. Laurie, personal commu
nication). Both these substitutions are found in the 190-helix 

Figure 3. Covariate balance of control population before (squares) and after (dots) inverse probability of treatment weighting. Standardized mean difference (SMD) values 
≤0.1 (dotted line) indicate a negligible difference.
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antigenic site of the influenza B HA [5, 44]. The A(H1N1) egg- 
based CVV A/Brisbane/02/2018 contained a Q223R adaptation, 
and the egg-based CVV A/Switzerland/3330/2017 contained 
K209M and E224K adaptations in the HA protein as compared 
with cell-grown viruses (K. Laurie, personal communication). 
Q223R and E224K are located in the receptor-binding site of 
the H1 HA [5, 45]. The A(H1N1) virus in the vaccine was 

antigenically similar to the predominant circulating A(H1N1) 
virus according to antigenic characterization with ferret antisera 
[46]. However, assays based on postvaccination human antisera 
showed that circulating A(H1N1) viruses had a decreased anti
genic similarity to the cell-propagated reference virus and even 
more pronounced differences when compared with egg- 
propagated A(H1N1) viruses, suggesting the potential impact 

Figure 4. Adjusted relative vaccine effectiveness (rVE) of cell-based quadrivalent influenza vaccine (QIVc) vs egg-based quadrivalent influenza vaccine (QIVe) over 3 
influenza seasons in a doubly robust analysis based on inverse probability of treatment weighting.

Figure 5. Sensitivity analyses of relative vaccine effectiveness (rVE) of cell-based quadrivalent influenza vaccine (QIVc) vs egg-based quadrivalent influenza vaccine (QIVe) 
by (1) propensity to be tested for influenza, (2) seasonal peak period, (3) matched index week (ie, individuals tested for influenza during the same week of the calendar year), 
and (4) exclusion of antibody (Ab) and culture tests for influenza.
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of egg adaptation in combination with drift [47]. Taken together, 
our findings of a benefit of QIVc in all seasons align with the 
characteristics and predominance of the circulating strains dur
ing these seasons.

The findings of the present retrospective TND study are con
sistent with prior observational studies evaluating the rVE of 
QIVc vs QIVe over the 3 seasons between 2017 and 2020 
[12–23, 48, 49]. The point estimates in these studies favored 
QIVc over QIVe, except for a retrospective TND conducted 
by Tseng et al during the 2018–2019 season among <1500 par
ticipants [23]. With an average of 33 000 participants in 3 con
secutive seasons, the current study is the largest available one to 
use test-confirmed outcomes for this comparison between 
QIVc and QIVe. Findings from the current study corroborate 
the results of large retrospective cohort studies (population 
size ≥1 million) that were based on clinical diagnosis [12–17, 48]. 
Also similar to the previous findings was the observation of a 
more pronounced benefit during the 2017–2018 season when egg 
adaptation occurred for the predominant circulating strain, with 
no evidence of drift.

This study had several strengths. In prospective TND stud
ies, all eligible patients meet a clinical case definition and are 
tested for influenza. In our study, we followed this principle 
by limiting the sample to patients who had an ARFI diagnosis 
within 7 days of an influenza test—an indication that the test 
was performed because of the influenza-like symptoms. This 
approach produces a more clinically homogeneous study pop
ulation, which helps to eliminate potential bias due to differ
ences between vaccination groups in terms of severity of 
disease that would prompt patients to seek medical care and 
testing [50]. Another strength, which is common to all TND 
studies, is the focus on test-confirmed outcomes rather than 
clinical diagnoses of influenza that may or may not have been 
informed by an influenza test. The large data set included pa
tients from across the United States as well as data from 3 influ
enza seasons. The latter is critical given the variation of seasonal 
characteristics. Furthermore, the completeness of the data 
set allowed for the adjustment of several well-established con
founders, such as age, sex, calendar time, region, and other clin
ical and demographic characteristics. Exposure, outcome, and 
covariate information was ascertained retrospectively from pa
tient records in the same manner for all exposure populations.

When compared with traditional observational studies, the 
TND may reduce, but does not remove, confounding and selec
tion bias due to differential health care–seeking behaviors. 
Furthermore, because utilization of US health care resources 
is intermittent or opportunistic, the amount and quality of 
data available on individuals may vary and result in bias if de
pendent on type of vaccination received. The type of vaccine re
ceived could also be a proxy for health system/health care 
access differences that could lead to differential utilization. 
However, the requirement for claims activity spanning 

≥1 year prior to the vaccination date ensured that the full study 
population was insured and had access to health care prior to its 
ARFI diagnosis, and baseline health care–seeking behavior was 
comparable between vaccine groups, minimizing potential re
sidual confounding due to differences in health care access 
and health care–seeking behavior. In this retrospective TND 
study, influenza test confirmation was obtained as part of rou
tine care and not performed according to preset screening cri
teria, although the latter was approximated by the requirement 
that patients have a diagnosis of ARFI in temporal proximity to 
influenza testing. A “propensity to be tested” sensitivity analysis 
addressed the potential bias of which patients are given an in
fluenza test. Another limitation is that the accuracy of the test- 
negative approach is affected by the sensitivity and specificity of 
the diagnostic tests used to determine case status. However, 
studies have shown that imperfect specificity causes greater 
bias than imperfect sensitivity, and confidence is provided by 
the Food and Drug Administration requirement for rapid anti
gen tests to demonstrate at minimum 95% sensitivity and 80% 
sensitivity for detection of influenza A and B as compared with 
reverse transcription polymerase chain reaction tests [51, 52]. 
This was confirmed in our study by findings from an explorato
ry analysis, which found that correction for potential misclassi
fication bias introduced by test sensitivity and specificity 
appeared to have minimal impact on the rVE estimates. 
Finally, because vaccination was not randomly assigned, resid
ual and unmeasured confounding remains as a potential source 
of bias. The methodology used in this study leveraged available 
data, but clinical and claims data sources can be incomplete (eg, 
race and ethnicity) and do not include individual or contextual 
socioeconomic data that could inform health-seeking behavior 
and affect generalizability to the noninsured population. 
Additionally, the data assets lacked information on influenza 
tests administered in a hospital.

In conclusion, we found that QIVc was more effective than 
QIVe at preventing test-confirmed influenza infections during 
the 2017–2018, 2018–2019, and 2019–2020 seasons, which 
were characterized by different circulating viruses and degrees 
of egg adaptation.

Supplementary Data
Supplementary materials are available at Open Forum Infectious Diseases 

online. Consisting of data provided by the authors to benefit the reader, the 
posted materials are not copyedited and are the sole responsibility of the 
authors, so questions or comments should be addressed to the correspond
ing author.

Notes
Acknowledgments. We thank Dr Karen Laurie, CSL Seqirus, Melbourne, 

Australia, for her advice and input on the egg-adaptive mutations found in 
the egg-based CVVs. Medical consultant C. Gordon Beck and Amanda 
M. Justice provided editorial and medical writing assistance, which was 
funded by CSL Seqirus.

Author contributions. All authors were involved in study conception 
and design. C. W. M., A. D., and A. N. B. conducted the analysis. All 

8 • OFID • Stein et al

http://academic.oup.com/ofid/article-lookup/doi/10.1093/ofid/ofae175#supplementary-data


authors were involved in the interpretation of data. A. N. S., C. W. M., and 
K. W. M. were involved in drafting the manuscript, and I. M., A. D., 
A. N. B., S. G. S., and M. D. M. H. revised it critically. All authors made sub
stantive intellectual contributions to the development of this manuscript 
and approved the final version.

Data availability. The data sets used in this study are privately licensed 
and are not available to maintain patient privacy.

Financial support. This work was supported by CSL Seqirus.
Potential conflicts of interest. A. N. S., I. M., and M. D. M. H. are em

ployees of CSL Seqirus. C. W. M., K. W. M., A. D., and A. N. B. are employ
ees of Veradigm. S. G. S. reports receipt of consulting fees for CSL Seqirus, 
Pfizer, Moderna, and EvoHealth.

References
1. Centers for Disease Control and Prevention. Disease burden of flu. 2022. 

Available at: https://www.cdc.gov/flu/about/burden/index.html. Accessed 5 
October 2023.

2. Tokars JI, Olsen SJ, Reed C. Seasonal incidence of symptomatic influenza in the 
United States. Clin Infect Dis 2018; 66:1511–8.

3. de Courville C, Cadarette SM, Wissinger E, Alvarez FP. The economic burden of 
influenza among adults aged 18 to 64: a systematic literature review. Influenza 
Other Respir Viruses 2022; 16:376–85.

4. Grohskopf LA, Alyanak E, Broder KR, et al. Prevention and control of seasonal 
influenza with vaccines: recommendations of the advisory committee on immu
nization practices—United States, 2020–21 influenza season. MMWR Recomm 
Rep 2020; 69:1–24.

5. Peck H, Laurie KL, Rockman S, et al. Enhanced isolation of influenza viruses in 
qualified cells improves the probability of well-matched vaccines. NPJ Vaccines 
2021; 6:149.

6. Liu F, Gross FL, Jefferson SN, et al. Age-specific effects of vaccine egg adaptation 
and immune priming on A(H3N2) antibody responses following influenza vacci
nation. J Clin Invest 2021; 131:e146138.

7. Wu NC, Zost SJ, Thompson AJ, et al. A structural explanation for the low effec
tiveness of the seasonal influenza H3N2 vaccine. PLoS Pathog 2017; 13:e1006682.

8. Skowronski DM, Janjua NZ, De Serres G, et al. Low 2012–13 influenza vaccine 
effectiveness associated with mutation in the egg-adapted H3N2 vaccine strain 
not antigenic drift in circulating viruses. PLoS One 2014; 9:e92153.

9. Zost SJ, Parkhouse K, Gumina ME, et al. Contemporary H3N2 influenza viruses 
have a glycosylation site that alters binding of antibodies elicited by egg-adapted 
vaccine strains. Proc Natl Acad Sci U S A 2017; 114:12578–83.

10. Rajaram S, Boikos C, Gelone DK, Gandhi A. Influenza vaccines: the potential ben
efits of cell-culture isolation and manufacturing. Ther Adv Vaccines Immunother 
2020; 8:2515135520908121.

11. Rockman S, Laurie K, Ong C, et al. Cell-based manufacturing technology increas
es antigenic match of influenza vaccine and results in improved effectiveness. 
Vaccines (Basel) 2022; 11:52.

12. Boikos C, Sylvester GC, Sampalis JS, Mansi JA. Relative effectiveness of the cell- 
cultured quadrivalent influenza vaccine compared to standard, egg-derived quad
rivalent influenza vaccines in preventing influenza-like illness in 2017–2018. Clin 
Infect Dis 2020; 71:e665–71.

13. Boikos C, Fischer L, O’Brien D, Vasey J, Sylvester GC, Mansi JA. Relative effec
tiveness of the cell-derived inactivated quadrivalent influenza vaccine versus egg- 
derived inactivated quadrivalent influenza vaccines in preventing 
influenza-related medical encounters during the 2018–2019 influenza season in 
the United States. Clin Infect Dis 2021; 73:e692–8.

14. Imran M, Ortiz JR, McLean HQ, et al. Relative effectiveness of cell-based versus 
egg-based quadrivalent influenza vaccines in children and adolescents in the 
United States during the 2019–2020 influenza season. Pediatr Infect Dis J 2022; 
41:769–74.

15. Divino V, Krishnarajah G, Pelton SI, et al. A real-world study evaluating the rel
ative vaccine effectiveness of a cell-based quadrivalent influenza vaccine com
pared to egg-based quadrivalent influenza vaccine in the US during the 2017– 
18 influenza season. Vaccine 2020; 38:6334–43.

16. Divino V, Ruthwik Anupindi V, DeKoven M, et al. A real-world clinical and eco
nomic analysis of cell-derived quadrivalent influenza vaccine compared to stan
dard egg-derived quadrivalent influenza vaccines during the 2019–2020 
influenza season in the United States. Open Forum Infect Dis 2022; 9:ofab604.

17. Krishnarajah G, Divino V, Postma MJ, et al. Clinical and economic outcomes 
associated with cell-based quadrivalent influenza vaccine vs. standard-dose 
egg-based quadrivalent influenza vaccines during the 2018–19 influenza season 
in the United States. Vaccines (Basel) 2021; 9:80.

18. Boikos C, McGovern I, Molrine D, Ortiz JR, Puig-Barbera J, Haag M. Review of 
analyses estimating relative vaccine effectiveness of cell-based quadrivalent influ
enza vaccine in three consecutive US influenza seasons. Vaccines (Basel) 2022; 10: 
896.

19. DeMarcus L, Shoubaki L, Federinko S. Comparing influenza vaccine effectiveness 
between cell-derived and egg-derived vaccines, 2017–2018 influenza season. 
Vaccine 2019; 37:4015–21.

20. Martin ET, Cheng C, Petrie JG, et al. Low influenza vaccine effectiveness against 
A(H3N2)-associated hospitalizations in 2016–2017 and 2017–2018 of the hospi
talized adult influenza vaccine effectiveness network (HAIVEN). J Infect Dis 
2021; 223:2062–71.

21. Eick-Cost AA, Hu Z. Relative effectiveness of cell-based influenza vaccines com
pared to egg-based influenza vaccines, active component, US service members, 
2017–18 season. Presented at: International Conference on Emerging Infectious 
Diseases; Atlanta, GA; 26–29 August 2018.

22. Bruxvoort KJ, Luo Y, Ackerson B, et al. Comparison of vaccine effectiveness 
against influenza hospitalization of cell-based and egg-based influenza vaccines, 
2017–2018. Vaccine 2019; 37:5807–11.

23. Tseng HF, Bruxvoort KJ, Luo Y, Ackerson B, Tanenbaum HC, Sy LS. Vaccine ef
fectiveness against influenza hospitalization in the 2018–2019 season: comparison 
between cell-based and egg-based influenza vaccines. Presented at: Options X for 
the Control of Influenza; Singapore; 28 August 28–1 September 2019. Abstract 
10395.

24. Sullivan SG, Tchetgen Tchetgen EJ, Cowling BJ. Theoretical basis of the test- 
negative study design for assessment of influenza vaccine effectiveness. Am J 
Epidemiol 2016; 184:345–53.

25. Sullivan SG, Feng S, Cowling BJ. Potential of the test-negative design for measur
ing influenza vaccine effectiveness: a systematic review. Expert Rev Vaccines 
2014; 13:1571–91.

26. Fukushima W, Hirota Y. Basic principles of test-negative design in evaluating in
fluenza vaccine effectiveness. Vaccine 2017; 35:4796–800.

27. Kwong JC, Buchan SA, Chung H, et al. Can routinely collected laboratory and 
health administrative data be used to assess influenza vaccine effectiveness? 
Assessing the validity of the Flu and Other Respiratory Viruses Research 
(FOREVER) cohort. Vaccine 2019; 37:4392–400.

28. Thompson MG, Stenehjem E, Grannis S, et al. Effectiveness of COVID-19 vac
cines in ambulatory and inpatient care settings. N Engl J Med 2021; 385:1355–71.

29. Benchimol EI, Smeeth L, Guttmann A, et al. The Reporting of Studies Conducted 
Using Observational Routinely-Collected Health Data (RECORD) statement. 
PLoS Med 2015; 12:e1001885.

30. World Medical Association. World Medical Association Declaration of Helsinki: 
ethical principles for medical research involving human subjects. JAMA 2013; 
310:2191–4.

31. Boikos C, Imran M, De Lusignan S, Ortiz JR, Patriarca PA, Mansi JA. Integrating 
electronic medical records and claims data for influenza vaccine research. 
Vaccines (Basel) 2022; 10:727.

32. Olsen SJ, Azziz-Baumgartner E, Budd AP, et al. Decreased influenza activity dur
ing the COVID-19 pandemic—United States, Australia, Chile, and South Africa, 
2020. MMWR Morb Mortal Wkly Rep 2020; 69:1305–9.

33. National Center for Health Statistics. International Classification of Diseases, 
Tenth Revision, Clinical Modification (ICD-10-CM). Available at: https://www. 
cdc.gov/nchs/icd/icd-10-cm.htm. Accessed 11 September 2023.

34. Glasheen WP, Cordier T, Gumpina R, Haugh G, Davis J, Renda A. Charlson 
Comorbidity Index: ICD-9 update and ICD-10 translation. Am Health Drug 
Benefits 2019; 12:188–97.

35. Månsson R, Joffe MM, Sun W, Hennessy S. On the estimation and use of propen
sity scores in case-control and case-cohort studies. Am J Epidemiol 2007; 166: 
332–9.

36. Vega T, Lozano JE, Meerhoff T, et al. Influenza surveillance in Europe: establish
ing epidemic thresholds by the moving epidemic method. Influenza Other Respir 
Viruses 2013; 7:546–58.

37. Malosh RE, McGovern I, Monto AS. Influenza during the 2010–2020 decade in 
the United States: seasonal outbreaks and vaccine interventions. Clin Infect Dis 
2023; 76:540–9.

38. Centers for Disease Control and Prevention. FluView interactive: national, re
gional, and state level outpatient illness and viral surveillance. Available at: 
https://gis.cdc.gov/grasp/fluview/fluportaldashboard.html. Accessed 3 August 
2023.

39. Kuo CL, Duan Y, Grady J. Unconditional or conditional logistic regression model 
for age-matched case-control data? Front Public Health 2018; 2:57.

40. Greifer N, Stuart EA. Matching methods for confounder adjustment: an addition 
to the epidemiologist’s toolbox. Epidemiol Rev 2022; 43:118–29.

Cell-Based Flu Vaccine Effectiveness • OFID • 9

https://www.cdc.gov/flu/about/burden/index.html
https://www.cdc.gov/nchs/icd/icd-10-cm.htm
https://www.cdc.gov/nchs/icd/icd-10-cm.htm
https://gis.cdc.gov/grasp/fluview/fluportaldashboard.html


41. Flannery B, Kondor RJG, Chung JR, et al. Spread of antigenically drifted influenza 
A(H3N2) viruses and vaccine effectiveness in the United States during the 2018– 
2019 season. J Infect Dis 2020; 221:8–15.

42. Tenforde MW, Kondor RJG, Chung JR, et al. Effect of antigenic drift on influenza 
vaccine effectiveness in the United States–2019–2020. Clin Infect Dis 2021; 73: 
e4244–50.

43. Food and Drug Administration, Center for Biologics Evaluation and Research. 
159th Vaccines and Related Biological Products Advisory Committee 
(VRBPAC) meeting. 4 March 2020. Available at: https://www.fda.gov/advisory- 
committees/advisory-committee-calendar/vaccines-and-related-biological-products- 
advisory-committee-march-4-2020-meeting-announcement. Accessed 28 
September 2023.

44. Suptawiwat O, Ninpan K, Boonarkart C, Ruangrung K, Auewarakul P. 
Evolutionary dynamic of antigenic residues on influenza B hemagglutinin. 
Virology 2017; 502:84–96.

45. Agency for Science Technology and Research. BII Flusurver. 2023. Available at: 
https://flusurver.bii.a-star.edu.sg. Accessed 3 August 2023.

46. Dawood FS, Chung JR, Kim SS, et al. Interim estimates of 2019–20 seasonal influ
enza vaccine effectiveness—United States, February 2020. MMWR Morb Mortal 
Wkly Rep 2020; 69:177–82.

47. World Health Organization. Recommended composition of influenza virus vac
cines for use in the 2021–2022 northern hemisphere influenza season. 2021. 
Available at: https://www.who.int/publications/m/item/recommended-composition- 
of-influenza-virus-vaccines-for-use-in-the-2021-2022-northern-hemisphere- 
influenza-season. Accessed 4 August 2023.

48. Barr IG, Donis RO, Katz JM, et al. Cell culture–derived influenza vaccines in the 
severe 2017–2018 epidemic season: a step towards improved influenza vaccine ef
fectiveness. NPJ Vaccines 2018; 3:44.

49. Puig-Barbera J, Tamames-Gomez S, Plans-Rubio P, Eiros-Bouza JM. Relative effec
tiveness of cell-cultured versus egg-based seasonal influenza vaccines in preventing 
influenza-related outcomes in subjects 18 years old or older: a systematic review and 
meta-analysis. Int J Environ Res Public Health 2022; 19:818.

50. Sullivan SG, Khvorov A, Huang X, et al. The need for a clinical case definition in 
test-negative design studies estimating vaccine effectiveness. NPJ Vaccines 2023; 
8:118.

51. Jackson ML, Rothman KJ. Effects of imperfect test sensitivity and specificity on 
observational studies of influenza vaccine effectiveness. Vaccine 2015; 33:1313–6.

52. Centers for Disease Control and Prevention. Rapid diagnostic testing for influ
enza: information for clinical laboratory directors. Updated 4 February 
2019. Available at: https://www.cdc.gov/flu/professionals/diagnosis/rapidlab.htm. 
Accessed 28 September 2023.

10 • OFID • Stein et al

https://www.fda.gov/advisory-committees/advisory-committee-calendar/vaccines-and-related-biological-products-advisory-committee-march-4-2020-meeting-announcement
https://www.fda.gov/advisory-committees/advisory-committee-calendar/vaccines-and-related-biological-products-advisory-committee-march-4-2020-meeting-announcement
https://www.fda.gov/advisory-committees/advisory-committee-calendar/vaccines-and-related-biological-products-advisory-committee-march-4-2020-meeting-announcement
https://flusurver.bii.a-star.edu.sg
https://www.who.int/publications/m/item/recommended-composition-of-influenza-virus-vaccines-for-use-in-the-2021-2022-northern-hemisphere-influenza-season
https://www.who.int/publications/m/item/recommended-composition-of-influenza-virus-vaccines-for-use-in-the-2021-2022-northern-hemisphere-influenza-season
https://www.who.int/publications/m/item/recommended-composition-of-influenza-virus-vaccines-for-use-in-the-2021-2022-northern-hemisphere-influenza-season
https://www.cdc.gov/flu/professionals/diagnosis/rapidlab.htm

	Relative Vaccine Effectiveness of Cell- vs Egg-Based Quadrivalent Influenza Vaccine Against Test-Confirmed Influenza Over 3 Seasons Between 2017 and 2020 in the United States
	METHODS
	Data Sources
	Patient Consent Statement
	Study Population
	Statistical Analyses

	RESULTS
	Study Population
	rVE of QIVc vs QIVe

	DISCUSSION
	Supplementary Data
	Notes
	References




