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The test-negative design (TND) is an efficient form
of case—control study commonly applied to influenza
vaccine effectiveness (VE) estimation. TND validity is
predicated on the core assumption that the interven-
tion (vaccine) has no effect on other non-targeted
aetiologies resulting in similar illness/disease. Here
we verify this core assumption and compare efficacy
estimates derived by the TND versus classical per-
protocol analysis of four datasets obtained from ran-
domised placebo-controlled clinical trials (RCT) of the
live attenuated influenza vaccine (LAIV) in children <7
years-old and the elderly 260 years-old. We further
assess generalisability of the TND approach in two
other RCT datasets to evaluate monoclonal antibody
in the prevention of respiratory syncytial virus (RSV)
hospitalisation. Efficacy estimates and their confi-
dence intervals were virtually identical for per-proto-
col RCT versus TND analyses of LAIV and also for RSV
monoclonal antibody. Neither LAIV nor monoclonal
antibodies affected the risk of disease aetiologies that
were not specifically targeted by the respective inter-
ventions (e.g. other respiratory viruses). This study
validates the core assumption of the TND approach for
influenza vaccine efficacy estimation and confirms the
accuracy and precision of its estimates compared to
the gold standard of classic per-protocol RCT analysis
of the same data sets. The TND approach is general-
isable for other conditions such as RSV for which the
core assumption is also met. However, when used in
observational studies, the TND, like all designs, still
requires assessment for bias and confounding that
may exist in the absence of randomised participation
and blinded follow-up.

Introduction

The test-negative design (TND) was developed as an
efficient approach to assess influenza vaccine effec-
tiveness (VE) using available sentinel surveillance
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structures. First publications based on the TND for
influenza VE estimation came from Canada in 2005 (for
the pilot 2004/05 season) [1] and 2007 (for the subse-
quent 2005/06 season) [2]. In Canada this approach
has been used within existing surveillance structures
annually since [3-8]. Following a publication on the
methodological validity of the TND [9], other investi-
gators in Europe [10-13], the United States [14-16] and
Australia [17,18] also began to publish VE findings
based on the TND from 2009 onward.

The TND is a type of case—control design whereby
vaccine status is compared between influenza test-
positive cases versus test-negative controls who pre-
sent to a clinician, generally with some standardised
definition of influenza-like illness (ILI). While classical
case—control studies require intense efforts to recruit
non-diseased controls, the TND draws controls from
the same source population as the cases, namely ill
patients who are tested to identify a specific aetiology
of interest for their illness or disease. It is therefore a
convenient and relatively low-cost design that also has
recently demonstrated its usefulness in rapidly gaug-
ing vaccine protection early in the influenza season
[8,13,16].

The simplicity of the TND approach, however, has under-
standably raised concerns about its validity, including
the misclassification of cases as controls due to imper-
fect test sensitivity. Theoretical work has previously
shown that in fact test specificity rather than sensitiv-
ity is the most critical factor influencing VE estimation
based on the TND [10]. Given high test specificity and
prevalence of the targeted aetiology (i.e. influenza)
equal to or lower than that of other aetiologies (i.e.
other respiratory viruses) with similar clinical presen-
tation (i.e. acute respiratory illness (ARI) or ILI), the
TND performs comparably to the classical case—control



or cohort design, even with suboptimal test sensitiv-
ity [9]. Most published studies applying this method
to influenza VE estimation have used highly specific
diagnostic methods such as polymerase chain reac-
tion (PCR) confirmation [1-8,10-18]. Detection of influ-
enza by culture is nearly 100% specific [19]. As culture
has historically been considered the gold standard, its
sensitivity is very high especially in young children (<5
years-old) although PCR detects 2% to 13% more cases
[20]. In elderly patients (»65 years-old), viral culture
has a sensitivity between 21% and 51% compared to
PCR [21].

The efficacy of a preventive intervention (e.g. vaccine)
reflects proportionate reduction in the frequency of the
targeted disease in those receiving the intervention
(vaccine) compared to individuals who did not receive
the intervention and is ideally assessed in the optimal
conditions of suitably powered randomised placebo-
controlled clinical trials (RCT). For vaccines, efficacy is
calculated by comparing attack rates (ARs) in the vac-
cinated and unvaccinated through the relative risk (RR)
and according to the following equation [22]:

AR unvaccinated — AR vaccinated

Vaccine efficacy = - X 100
AR unvaccinated

=1 — RR vaccinated /unvaccinated X 100

Like efficacy, effectiveness also compares proportion-
ate reduction of risk but this is estimated in field condi-
tions through observational studies of the intervention,
without randomisation to address other possible influ-
ences. Efficacy and effectiveness are calculated the
same way. In RCT and in cohort studies where a cen-
sus of the source population is available, ARs are
calculated by dividing the number of vaccinated and
unvaccinated cases of the disease in question by the
total number of individuals belonging to their respec-
tive categories. In case-control studies where there
is no census of the source population, effectiveness
can be validly estimated by the odds ratio (OR) assum-
ing that controls are a representative sample of that
population and the exposure distribution (e.g. vaccine
coverage) is the same as in the source population [23].
For this condition to be met and a control series to be
valid, the sampling fraction (8) must be the same in
vaccinated and unvaccinated non-diseased controls.
The 6s then cancel out when calculating the OR which
approximates the RR when the disease is rare (Table 1).
For the TND approach, the condition of representative
exposure distribution (e.g. vaccine coverage) in con-
trols emerging from the same source population will
apply if the intervention has no effect on other aeti-
ologies manifesting similar clinical presentation as the
target pathogen. For the TND as applied to influenza
vaccine efficacy/effectiveness estimation, internal
validity is therefore predicated on the core assump-
tion that influenza vaccine has no effect on non-influ-
enza causes (e.g. other respiratory pathogens such as

parainfluenza, respiratory syncytial viruses (RSV)) of
ARl or ILI. These non-influenza episodes would then be
expected to occur at the same mean frequency (f) per
vaccinated or unvaccinated individual (i.e. faccinated= fun-
vaccinated). CONsequently, among individuals affected by
these other aetiologies, the proportion who are vacci-
nated should be similar to the vaccine coverage in the
source population (Table 1).

Large double-blind RCTs optimise the comparability of
vaccinated and unvaccinated individuals with respect
to eligibility criteria, follow-up, and disease ascertain-
ment thereby minimising the influence of bias and con-
founding. As such, the RCT represents the ideal context
to assess the validity of the TND core assumption and
to verify the accuracy and precision of efficacy esti-
mates derived in that way. Using four datasets from
large double-blind RCTs of live attenuated influenza
vaccine (LAIV) among children and the elderly we have
therefore directly compared original RCT per-protocol
efficacy estimates against those instead derived by
TND analysis. To test the core assumption hypothesis
that influenza vaccine has no effect on other ARI/ILI
aetiologies we have also derived efficacy against non-
influenza causes of illness. Finally, to illustrate the
generalisability of the TND we applied it to two RCT
datasets collected for the evaluation of humanised
monoclonal antibody (palivizumab) in preventing RSV
hospitalisation.

Methods

Four datasets from published, double-blind RCTs of
LAIV (Flumist, MedlImmune) among children and the
elderly were used [24-27]. In these studies, after being
administered vaccine or placebo, participants were
actively followed throughout the winter season by
phone calls or home visits and nasal/throat swabs were
collected for each episode of ARI (Table 2). Respiratory
specimens were tested by viral culture and the primary
outcome was culture-confirmed influenza (test-posi-
tive) due to any strain regardless of antigenic similar-
ity. Specimens with influenza-negative culture were
not further tested to identify other specific causative
pathogens. For the RSV studies, we analysed datasets
from two published double-blind RCTs of palivizumab
administered every 30 days during the RSV season to
premature infants (<35 weeks gestation) or infants with
bronchopulmonary dysplasia [28] and to children with
haemodynamically significant congenital heart disease
[29]. The primary outcome was RSV-associated hospi-
talisation where diagnosis of RSV was confirmed by
rapid antigen detection test (sensitivity: 82%, specific-
ity: 95% [30]). No further testing was done to identify
the aetiology in patients with RSV negative tests.

Per-protocol randomised cohort estimates of efficacy
were calculated using ARs according to the above equa-
tion. Three approaches to TND analysis of LAIV protec-
tion were conducted. In participant-based analysis
without censoring for influenza, controls included par-
ticipants with any negative swabs without excluding
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TABLE 1

Comparison of the randomised placebo-controlled clinical trial (RCT)/cohort, classical case-control and test-negative design

(TND) case-control

Influenza vaccine  No influenza vaccine Relative risk (RR) or odds ratio (OR)
RCT or cohort design
Influenza-confirmed cases A B AJ(A + C)
All others in cohort C D —— =RR
B/(B + D)
Total A+C B+D
Classical case-control design
Influenza-conflrmed' cases . A B Al6C _ A/C R e
!\lumber corresponding to fraction of all others oc oD B/6D B/D
in cohort
TND case-control
Influenza-confirmed cases -
All others in cohort C -
TND participant-based analysis
without censoring for influenza
Participants with an episode of non-influenza Alp(A+C) _ A/(A+C) _ RR
illness, no censoring for influenza? P(A+O) p(B+D) B/p(B+D) B/(B+D)
TND participant-based analysis
with censoring for influenza
Participants with an episode of non-influenza A/pC _ A/C _
illness, with censoring for influenza® P(©) p(D) B /pD B/D OR =RR
TND specimen-based analysis
. . . A/f(A+C) A/(A+C)
; ¢ = = RR
Non-influenza illness episodes f(A+C) f(B+D) B/f(B+C) B /(B+C)

f: average number of non-influenza illness episodes during the follow-up period; p: probability of having an episode of non-influenza illness
during the follow-up period (episodes past the first do not separately contribute); 8: sampling fraction of controls.

2 Includes as controls participants with any negative swabs (i.e. without excluding those who tested positive for influenza at any other time

during the study period).

> Includes as controls only participants with negative swabs who furthermore never had a test that was positive for influenza at any other
time during the study period (i.e. excludes influenza positive participants).

¢ All non-influenza illness episodes count (without excluding those in participants who tested positive for influenza in another illness

episode).

those who may have tested positive for influenza at
another time within the study period (Table 1). In partic-
ipant-based analysis with censoring for influenza, con-
trols included only participants with negative swabs
who furthermore never had a positive test for influenza
at any other time during the study period (i.e. excludes
those test-positive for influenza). In specimen-based
analysis, cases were influenza-positive specimens and
controls were influenza-negative specimens rather
than individuals: this approach accounts for the multi-
ple episodes of respiratory infections not attributable
to influenza that an individual can sustain during the
study period.

To estimate vaccine effects on other non-influenza ARI
aetiologies, the AR of these infections was calculated
by dividing the number of participants/specimens
testing negative for influenza by the total enrolment
in their respective categories of exposure (vaccine or
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placebo). Per above, this was conducted as participant-
based (with/without censoring) and specimen-based
analysis.

Each of the above was repeated for the RSV stud-
ies, modified for the intervention (palivizumab)
and outcome of interest (laboratory-confirmed RSV
hospitalisation).

Consistent with the expectation of large, randomised
placebo-controlled participation in these RCT data
sets, we assumed that risk factors for influenza were
similarly distributed in both groups before vaccination
and that blinding ensured comparable follow-up and
case ascertainment, minimising bias and confound-
ing. Consequently, only crude results are presented
without further statistical adjustment. Point estimates
of efficacy and their 95% confidence intervals (CI) for
TND analyses were computed using Mantel-Haenszel
method as (1-(OR or RR) X 100).



TABLE 2

Characteristics of participants in the live attenuated influenza vaccine (LAIV) and palivizumab randomised placebo-

controlled clinical trials (RCT)

Author or Number of

Intervention exposure

Type and frequency of

Specimen, diagnostic

study, year subjects i) Age mean Health status follow-up assay gnd clinical
indication
Belshe, 1,602 LAIV . Nasal swab, viral culture
1998 [24] (2:1) 42 months | Healthy Active weekly calls in case of ARI
Belshe, 1,358 LAIV revaccination . Nasal swab, viral culture
2000 [25] (2:1) 54 months | Healthy Active weekly calls in case of ARI
Lum, 1,150 \I;v?tll\{ f(\:AOI\;\aI‘QdminiStered 14 months Health Active calls 2X/week Nasal swab, viral culture
2010 [26] 15 (2:1) 4 y in case of ARI
Elderly (=60 years-
De Villiers, 242 LAIV 60 vears old) with or without |Active weekly call or Throat and nasal swab,
2009 [27] 3.24 (1:2) 9y underlying medical |visit viral culture in case of ARI
conditions
Premature
Impact stud Palivizumab (=35 weeks of Nasal swab or wash,
1 p8 [28] Y, 1,502 (1:1) 6 months gestation) or Monthly visit? antigen test at ARI
99 : bronchopulmonary hospitalisation
dysplasia
Feltes Palivizumab Congenital heart Nasal swab or wash,
| 1,287 6 months . Monthly visit? antigen test at ARI
2003 [29] (1:1) disease AR
hospitalisation

ARI: acute respiratory illness; MMR: measles, mumps, rubella vaccine.
2 Monthly visits were to administer monoclonal antibodies (palivizumab) or placebo at which time information about any hospitalisation since

the last visit was collected.

Each of these RCTs had received prior Institutional
Review Board/Ethics Committee approval. The current
analysis involved only additional statistical analyses
of de-identified data and thus no additional approvals
were required.

Results

Live attenuated influenza

vaccine (LAIV) studies

Three RCT datasets among children <7 years of age [24-
26] and one among adults =60 years of age [27] were
analysed. Together these trials included 6,077 partici-
pants each actively monitored for outcomes of interest
accrued over the course of a single season. The first
paediatric study included children who were vacci-
nated with LAIV and followed for one season. The sec-
ond study recruited the same paediatric participants
whose parents gave consent for revaccination and fol-
low-up for a second season. For all LAIV trials, groups
were shown in publication to be balanced with respect
to baseline characteristics so that further adjustment
for residual confounding was not required.

For all LAIV studies, the point estimates and surround-
ing 95% Cls for efficacy against ARl due to influenza
were virtually identical in the classical per-protocol
RCT and TND analyses with little variation using these
datasets whether TND analysis was participant-based
(with/without censoring) or specimen-based (Table
3). Good concordance between TND and RCT analysis

approaches was observed both in paediatric stud-
ies with high efficacy and in the elderly study where
protection was lower. LAIV had negligible effect on
non-influenza aetiologies of ARl as shown by the zero
or near-zero efficacy associated with test-negativity
(Table 3).

To more closely represent surveillance-based TND
approaches as extensively published [1-8,10-18], we
also assessed the same parameters for medically-
attended ARI. Again the point estimates and surround-
ing 95% Cls for efficacy were virtually identical in the
classical per-protocol RCT and TND analyses (Figure).

Respiratory syncytial virus studies

For the two RSV trials, groups were shown in the origi-
nal publications to be balanced on baseline charac-
teristics except household smoking in one trial [28];
adjusted analysis did not influence efficacy estimates
and we did not pursue adjustment here. In these stud-
ies, repeated hospitalisation during the study period
was rare. Therefore all three TND analysis approaches
gave similar results and we present only the par-
ticipant-based analysis with censoring (Table 4 and
Figure). Point estimates and 95% Cl for palivizumab
protection against RSV hospitalisation were virtually
identical by the per-protocol RCT and the TND analysis.
Palivizumab provided no protection against non-RSV
causes of acute respiratory hospitalisation (RSV test-
negative) as again shown by the null efficacy.
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FIGURE

Efficacy (% of disease prevented) of live attenuated influenza vaccine (LAIV) against medically-attended influenza ARI
estimated by per-protocol and various test-negative design (TND) analysis approaches in four randomised placebo-controlled
clinical trials (RCT) and efficacy (% of RSV hospitalisation prevented) by palivizumab in two RCTs
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ARI: Acute respiratory illness RSV: respiratory syncytial virus.

As information on medical consultation was not collected in Lum’s study [26], results presented are those from Table 3.

Discussion

In this analysis, we confirm that estimates of efficacy
and their 95% Cls were similar when derived accord-
ing to the classical per-protocol RCT analysis or vari-
ous TND approaches and this was observed in children
and the elderly at respectively high or reduced efficacy
values. When applied to data for an unrelated passive
immunising agent targeting RSV, the TND gave simi-
lar results, thereby demonstrating its generalisability
beyond influenza and to endpoints representing more
severe disease outcomes such as hospitalisation.

To obtain valid case—control study results, controls
must be representative of the source population [23].
As such, they should belong to the same source popu-
lation from which cases were identified and should be
individuals who theoretically would have been identi-
fied as cases had they acquired the targeted aetiology
of interest. The actual source population from which
clinic or hospital cases emerge is often undefined.
In classic case—control studies, controls are usually
recruited among patients consulting or admitted to the
same facility as cases but the disease for which they
consult may be distinct from that which the targeted
aetiology typically manifests. In contrast, test-negative
controls derived from among patients presenting with
similar clinical illness (e.g. ARI or ILI) and tested for

diagnosis provide some inherent reassurance that they
emerge from the same source population as cases,
would have consulted and would have been considered
cases had their aetiology been the targeted pathogen
rather than otherwise. More than thirty years ago,
Broome et al. applied this sort of approach in using
patients infected by non-vaccine type invasive pneu-
mococcal infection to serve as controls in their analy-
sis of pneumococcal VE [31]. The TND as now applied
to influenza VE is an extension of the same logic. The
main advantage of the TND is its ease of access to a
series of controls representative of the source popula-
tion. Here we have shown that this simplicity does not
necessarily come at the cost of validity.

We explicitly presented three TND analysis approaches.
While in this paper all three approaches performed
similarly this may not always be true. Censored/
uncensored participant-based and specimen-based
approaches are not intrinsically the same and the
choice of one approach over another must be con-
sciously expressed. As displayed in Table 1, the uncen-
sored and the specimen-based analyses directly derive
the RR of influenza in vaccinated versus unvaccinated
individuals. Conversely the analysis censoring for influ-
enza positive participants shifts the effect measure to
an OR that is necessarily sensitive to the rare disease

www.eurosurveillance.org



TABLE 4

Efficacy of palivizumab to prevent RSV and non-RSV hospitalisation by per-protocol and test-negative design (TND)
participant-based analysis with censoring in two randomised placebo-controlled clinical trials (RCT) conducted in children.

Author or study name

RSV-positive?
hospitalisation

RSV-negative
hospitalisation with

censoring®
IMPACT [28]
Palivizumab (Number) 1,002 48 196 758
Placebo (Number) 500 53 100 347
Classical RCT/cohort TND with censoring®
Efficacy against RSV hospitalisation (95% Cl) NA 54.8 (34.2 t0 69.0) 53.8 (26.9 to 70.8) NA
Efficacy against non-RSV hospitalisation (95% Cl) NA NA 2 (-21to 21) NA
Feltes [29]
Palivizumab (Number) 639 34 318 287
Placebo (Number) 648 63 341 244
Classical RCT/cohort TND with censoring®
Efficacy against RSV hospitalisation (95% Cl) NA 45.3 (18.1t0 63.4) 42.1 (9.8 t0 62.9) NA
Efficacy against non-RSV hospitalisation (95% ClI) NA NA 5 (-5 to 15) NA

Cl: confidence interval; RSV: respiratory syncytial virus; NA: not applicable.
2 Positivity is defined by the detection of the target virus (RSV) by antigen detection. This is therefore referred as RSV-positive.
® Includes participants with negative swabs who furthermore never had a test that was positive for RSV at any other time during the study

period (i.e. excludes RSV positive participants).

assumption. Even if the vaccine does not actually
influence the risk of non-influenza aetiologies, unvac-
cinated individuals should more often be infected by
influenza during the study period assuming that vac-
cine is protective against influenza. As such, censoring
participants based on influenza positivity eliminates
more participants with non-influenza aetiologies in
the unvaccinated than the vaccinated group thereby
introducing a bias that skews findings toward suggest-
ing the vaccinated are at increased risk of these other
aetiologies. This bias will increase with greater preva-
lence of influenza compared to other respiratory infec-
tions in the study population. These concerns related
to censoring will apply not only to TND, but also to
other fixed cohort follow-up or case—control analyses,
requiring authors to be explicit in the approach taken
when interpreting their results.

In our analysis, there was a statistically significant
but slight increased risk of non-influenza respiratory
episodes during the first year of the Belshe study but
this was not observed in the three other datasets for
which efficacy against other respiratory viruses even
more closely approximated the null. It may be argued
that the same may not extend to inactivated or other
influenza vaccine formulations. While another small
trial from Cowling et al. involving 115 participants fol-
lowed during one season reported an increased risk of
non-influenza viruses among recipients of inactivated
influenza vaccine [32] a much larger study covering
six seasons and including more than 3,000 patients
found no such association [33]. It could be argued
that our findings of null vaccine effects against other
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respiratory viruses are explained by the fact that live
virus vaccine is itself predicated on replicating virus
and may thereby also directly contribute to broadly
cross-protective innate immune mechanisms that are
precluded by effective inactivated vaccine (a theory
proposed to explain Cowling’s findings [32]). Although
active follow-up of thousands of participants included
in our own datasets resulted in one to 3.5 specimens
on average per participant (<10% positive for influ-
enza), the specific non-influenza cause of ARl was not
sought in any of the RCTs we used so that we cannot
directly address possible vaccine effects on individual
pathogens. However, temporary innate immunity is
short-lasting, in the range of several weeks and in each
of these trials LAIV was administered well before the
winter period. LAIV-induced innate immunity is thus
unlikely to have substantially altered the overall risk
of other respiratory viruses through the full follow-up
period. On that basis we believe that our findings sup-
porting the core assumption of the TND for LAIV can
also be extended to inactivated formulations although
we encourage direct assessment of that through other
similarly available RCT data sets. If vaccine neverthe-
less truly does increase the likelihood of other non-
influenza infections by whatever mechanism, this
would generally tend to over-estimate efficacy/effec-
tiveness against influenza suggesting TND findings are
optimistic representations of vaccine performance.

There are other issues and limitations worth consid-
ering in our analysis. RCT estimates and cohort stud-
ies provide absolute measures (attack rates) whereas
under the usual conditions of TND application there is



no census of the source population and analysis can
only provide relative measures. We have validated the
TND approach for influenza and RSV but this does not
imply universal validity in the evaluation of all infec-
tious diseases or their interventions. Before extending
the TND to other vaccines or interventions, it is neces-
sary to confirm earlier specified pre-conditions related
to test characteristics and the mix of target/non-target
disease aetiologies [9] as well as the core assumption
of no effect on non-targeted aetiologies of diseases
with similar symptomatology. In the influenza vaccine
studies we used, influenza was the targeted aetiol-
ogy of ARl and positive viral culture for influenza was
the main outcome. The sensitivity of viral culture to
detect influenza in specimens collected early after the
onset of disease is expected to be high in young chil-
dren but lower in the elderly [11]. Despite that, the TND
performed comparably well to De Villiers’ RCT analy-
sis in the elderly. The current analysis took advan-
tage of existing large clinical trial databases where
participants had been randomised and followed in
blinded fashion to identify the outcome with stringent
approaches applied equally to immunised and unimmu-
nised participants. This most likely minimised differ-
ences between the two groups, eliminated confounding
and provided efficacy estimates. Effectiveness derived
from observational studies, in contrast, is susceptible
to these additional methodological concerns. As such,
the TND approach is valid but cannot compensate for
other methodological flaws. Indiscriminate use of the
TND in observational studies can lead to errors of inter-
pretation, particularly if testing was applied differen-
tially and varied with the likelihood of immunisation,
exposure and/or test-positivity. TND should be consid-
ered as a variation on the case—control design and as
for all observational designs, one needs to begin from
the premise that bias and confounding may be operat-
ing. Intense scrutiny of the methods and data set for
signals of bias (e.g. selection, information, confound-
ing bias) remains a requirement.

In conclusion, the TND approach appears valid not only
forinfluenza vaccine efficacy and effectiveness assess-
ment but also for other diseases and interventions
provided that the core assumption requiring no effect
of the preventive intervention on non-targeted aetiolo-
gies is fulfilled and that bias as a potential concern for
all observational designs is adequately addressed.
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