1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Vaccine. Author manuscript; available in PMC 2018 December 19.

-, HHS Public Access
«

Published in final edited form as:
Vaccine. 2017 December 19; 35(52): 7297-7301. doi:10.1016/j.vaccine.2017.10.107.

On the Bias of Estimates of Influenza Vaccine Effectiveness from
Test—negative Studies

Kylie E. C. Ainslie?, Meng Shi2, Michael Haber2", and Walter A. Orenstein®

aDepartment of Biostatistics and Bioinformatics, Rollins School of Public Health, Emory
University, 1518 Clifton Rd., Atlanta, GA, USA 30322

bDivision of Infectious Diseases, Department of Medicine, School of Medicine, Emory University,
1462 Clifton Rd., Atlanta, GA, USA 30322

Abstract

Estimates of the effectiveness of influenza vaccines are commonly obtained from a test-negative
design (TND) study, where cases and controls are patients seeking care for an acute respiratory
illness who test positive and negative, respectively, for influenza infection. Vaccine effectiveness
(VE) estimates from TND studies are usually interpreted as vaccine effectiveness against
medically-attended influenza (MALI). However, it is also important to estimate VE against any
influenza illness (symptomatic influenza (SI)) as individuals with Sl are still a public health
burden even if they do not seek medical care. We present a numerical method to evaluate the bias
of TND-based estimates of influenza VE with respect to MAI and SI. We consider two sources of
bias: (a) confounding bias due to a (possibly unobserved) covariate that is associated with both
vaccination and the probability of the outcome of interest and (b) bias resulting from the effect of
vaccination on the probability of seeking care. Our results indicate that (a) VE estimates may
suffer from substantial confounding bias when a confounder has a different effect on the
probabilities of influenza and non-influenza ARI, and (b) when vaccination reduces the probability
of seeking care against influenza ARI, then estimates of VE against MAI may be unbiased while
estimates of VE against SI may be have a substantial positive bias.
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Introduction

The test negative design (TND) has become the most commonly used study design for
estimating the effectiveness of vaccines against influenza and other infectious diseases [1-
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9]. The influenza TND is a prospective study design where patients with symptoms of acute
respiratory illness (ARI) seeking medical care are tested for influenza infection. Those who
test positive are classified as cases of medically-attended influenza (MAI), while ARI
patients testing negative serve as controls. The influenza vaccine effectiveness (VE) is then
estimated as one minus the odds ratio (OR) in the 2x2 table cross-classifying vaccination
and case/control status. Several publications discuss the bias of VE estimates from TND
studies [2, 10-15]; however, they do not provide numerical evaluations of the magnitude and
direction of the bias under realistic conditions.

We present a simple numerical method to evaluate the bias of a TND-based estimate of
influenza VE. This method is based on a probability model [16] where the probabilities of
being vaccinated, contracting influenza or non-influenza ARI, and seeking care for ARI
depend on a (possibly unobserved) covariate. In our earlier paper [16] we found that in some
cases, the bias of the VE estimates depends on the outcome against which the vaccine is
supposed to protect. VE estimates from TND studies are usually interpreted as estimates of
the effectiveness of the influenza vaccine against medically-attended influenza (MAI),
defined as influenza illness resulting in medical consultation. We believe that from a broader
public health perspective it may be also important to estimate VE against symptomatic
influenza (Sl) i.e., against any influenza illness. Evaluating VE against Sl is important as
influenza patients who do not seek medical care are still capable of infecting others, missing
work or school, and developing severe complications. In addition, lay persons may
misinterpret the estimated VE against MAI as VE against SI. We will see that under certain
circumstances, TND studies may provide unbiased estimates of VE against MAI while
substantially overestimating VE against SI.

In this work, we focus on two sources of bias: (a) confounding bias, resulting from the
presence of a (possibly unobserved) covariate that is related to both the probability of being
vaccinated and the probability of experiencing the outcome of interest, and (b) bias resulting
from the fact that the vaccination may modify the probability of seeking medical care
against influenza ARI, because vaccinated influenza patients may have less severe
symptoms compared to unvaccinated patients. We will examine the magnitude and direction
of each of these sources of bias.

We assume that every member of the study population is assigned a dichotomous
unobserved covariate representing her/his health awareness. In other words, each person is
classified as having either a ‘higher’ or a ‘lower’ health awareness. Individuals who are more
concerned about their health are more likely to be vaccinated and to seek medical care when
they develop ARI symptoms. The probabilities of being vaccinated, contracting influenza
and non-influenza ARI, and seeking medical care may depend on this covariate. Hence, our
method allows us to examine the effects of non-random vaccination where the probability of
being vaccinated depends on an unobserved covariate. Since a person’s health awareness
cannot be easily determined, we assume that it may be difficult to adjust the VE estimate for
this potential confounder.
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As we want to focus on the two types of bias mentioned in the Introduction we make a few
simplifying assumptions to eliminate other potential sources of bias:

. Vaccination does not affect the probability of contracting non-influenza ARI.
This is a basic assumption for the validity of the TND [15].

. Every ARI patient seeking medical care is tested for influenza infection.

. The test has perfect sensitivity and specificity, and vaccination status is
determined without an error

Our model [16] allows a person to have an influenza and a non-influenza ARI at the same
time, however, we only consider their influenza ARI in this case. The model does not
incorporate time, thus a person who has repeated infections may be included more than
once. Figure 1 shows a diagram of our probability model.

First, we present the baseline scenario and use it to illustrate the proposed method for
calculating bias of VE estimates. In this baseline scenario, the two types of bias mentioned
above are absent.

. Without loss of generality we assume that 50% of the population have a higher
health awareness

. The probabilities of being vaccinated are 80% and 40% for persons with higher
and lower health awareness, respectively. Hence, the overall vaccination
coverage is 60%.

. Based on results from 14 randomized clinical trials [11], the average probability
of contracting a non-influenza ARI is 0.084 regardless of vaccination status and
health awareness. The average probability of influenza ARl among unvaccinated
persons is 0.027.

. We assume that the effectiveness of the vaccine is 50%, hence the probability of
influenza ARl among vaccinees is 0.0135.

. Studies found that probabilities of seeking medical care for ARI vary between
0.2 and 0.6. Therefore, we set these probabilities to 0.2 and 0.4 in non-influenza
ARI patients with lower and higher health awareness, respectively. We assume
that influenza ARI patients are more likely to seek care than non-influenza ARI
patients, therefore we set the corresponding probabilities in influenza ARI
patients with lower and higher health awareness to 0.3 and 0.6, respectively.

Tables 1 and 2 present our assumptions and the values we assign to various probabilities in
general and under the baseline scenario.

The bias of an estimate is defined as the difference between the observed value of the
estimate and the true parameter of interest. Therefore, we must determine the true values of
VE against SI and MAIl. Since the true VE is calculated under the assumption of random
vaccination, we assume the probability of being vaccinated does not depend on a person’s
health awareness. The common value of the probability of vaccination is 0.6, as 60% of the
population received the vaccine. In other words, the risks of Sl in non-vaccinees and
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vaccinees are 0.027 and 0.0135, respectively (as one would expect from probabilities of
influenza ARI used in these calculations). The #rue VE against Sl is, therefore, 1 -RR =1 -
0.5 =0.5, or 50%. The risks of MAI in non-vaccinees and vaccinees are 0.0243 and 0.01215,
respectively. Therefore, the frue VE against MAI is also 1 — 0.5 = 0.5, or 50%. We obtain the
estimated VE from the proportions of cases of SI and MAI among vaccinated and
unvaccinated person within the population. We present the expected number of influenza and
non-influenza ARI patients by health awareness and vaccination status in a hypothetical
population of size 100,000 under the baseline scenario in the Appendix.

As stated in the Introduction, we focus in this work on two important sources of bias,
confounding and bias resulting from effects of vaccination on the probabilities of seeking
medical care.

(a) Confounding bias

Confounding is the result of exposed (vaccinees) and non-exposed (non-vaccinees) having
different probabilities of the outcome for reasons other than the direct effect of the vaccine.
In our case, the probability of vaccination is associated with health awareness, which may be
also be associated with the probability of contracting influenza and non-influenza ARI. For
example, a person with high health awareness may make healthier lifestyle choices (periodic
visits to the doctor, regular exercise, frequent hand washing, etc.) compared to a person with
low health awareness. We expect this behavior to reduce the risk of both influenza and non-
influenza ARI regardless of vaccination. Conversely, a person with co-morbidities may have
higher health awareness due to their pre-existing conditions, but may also have increased
risk of contracting an ARI. The magnitude of the confounding bias is expected to depend on
the following risk ratios:

RR1 = probability of non-influenza ARI in a person with higher health awareness
divided by the same probability in a person with lower health awareness.

RR2 = probability of influenza ARI in a person with higher health awareness divided
by the same probability in a person with lower health awareness.

For simplicity, we assume that these risk ratios are the same for vaccinees and non-
vaccinees. Table 3 presents the estimated VE for different combinations of RR1 and RR2.
The true VE against SI and MAI is 0.5 for all these combinations. From Table 3, we learn
that the TND-based VE estimate is unbiased only if RR1=RR?2, i.e., the confounder (health
awareness) has the same effect on the probabilities of influenza and non-influenza ARI. This
confounding bias may be quite severe when these risk ratios are very different. For example,
when the confounder reduces the risk of non-influenza ARI by 50% (RR2=0.5) and
increases the risk of influenza ARI by 50% (RR1=1.5) then the estimated VE is 0.222, while
the true VE against either of the outcomes of interest is 0.5. For a given RR2, the VE
estimate increases with increasing RR1. Similarly, for a given RR1, the VE estimate
decreases with increasing RR2.
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(b) Bias resulting from the effect of vaccination on the probability of seeking care against
influenza ARI

A few recent studies [17-19] suggest that vaccination may reduce the severity of influenza
symptoms. This may reduce the probability of seeking medical care in vaccinated cases of
influenza ARI, compared to that of unvaccinated cases. We let RR3 denote the ratio of the
probability of seeking medical care in a vaccinated case of influenza ARI divided by the
corresponding probability in an unvaccinated case. Figure 2 displays the estimated VE and
the true VE’s against SI and MALI as RR3 varies from 0.5 to 1.0 (we assume that vaccination
does not modify the probability of seeking care for non-influenza ARI).

Figure 2 demonstrates that when vaccination reduces the probability of seeking care against
influenza AR, i.e. RR3 < 1, then the true VE against MAI varies with RR3 and is higher
than the true VE against SI (which does not depend on RR3). The bias of the VE estimate
depends on the outcome of interest. While the estimate is still unbiased when assessing VE
against MAI, it overestimates the true VE against SI when RR3 < 1. For example, when
vaccinated influenza patients are 50% less likely to seek medical care compared to
unvaccinated patients (RR3=0.5) then, the true VE against Sl equals 0.5, while the estimated
VE from the TND study is 0.75!

Discussion

We have presented a numerical method that allows for the evaluation of the bias of TND-
based estimates of influenza VE against two outcomes of interest, SI and MAL. In the
absence of sources of bias, we show that the estimates of VEs from TND studies are
unbiased for both outcomes of interest. When a covariate (such as health awareness) is
associated with both the probability of vaccination and the probability of contracting
influenza and non-influenza AR, (i.e., confounding bias is present), then TND-based
estimates are unbiased only when the confounder has the same effect on the probabilities of
influenza and non-influenza ARI (RR1=RR2, where RR1 and RR2 are the probabilities of
non-influenza ARI and influenza ARI, respectively, in a person with higher health awareness
divided by the same probability in a person with lower health awareness). When the
confounder has a different effect on the risk of influenza ARI than on the risk of non-
influenza ARI (RR1£RR2), VE estimates may suffer from substantial bias, especially when
RR1 and RR2 are very different. In practice, it is difficult to verify that these risk ratios are
equal, particularly when the potential confounder is unrecognized or unobserved. The TND
has become widely used because it is supposed to reduce confounding bias by trying to
eliminate differences in care seeking behavior between vaccinees and non-vaccinees [1-3,
10, 14, 20]. However, we show that when a confounder is associated with the probabilities of
influenza and non-influenza ARI, then the TND may still produce biased VE estimates. The
decision to use the TND over other study designs to evaluate VE should be carefully
considered if a confounder is suspected to have a different effect on the risks of influenza
ARI and non-influenza ARI.

When vaccination affects the probability of seeking medical care against influenza ARI,
perhaps due to a reduction in symptom severity in vaccinated influenza patients, the bias of
TND-based VE estimates depends on the outcome of interest. When this source of bias is
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present, VE estimates are unbiased against MAI. However, VE against S| may be
substantially overestimated when the probability of seeking medical care for influenza ARI
is lower in vaccinated patients than unvaccinated patients. Our results emphasize the
importance of specifying the outcome of interest when evaluating the bias of VE estimates
and clearly stating the interpretation when reporting VE estimates.

It is important to consider the bias of VE estimates when the outcome of interest is Sl as
individuals with influenza who do not seek medical care still impact the disease burden.
First, there are a variety of reasons a person with influenza may not seek medical care for flu
beyond having mild symptoms. Second, there is no scientific evidence to suggest that a
person with mild illness will only cause mild illness in individuals they infect. A person with
mild influenza can still infect others, and a secondary infection may develop more severe
disease (due to other risk factors) than the originally infected individual. For example, if a
healthy twenty-something with mild influenza infected an elderly person with a
compromised immune system, the elderly person may develop more severe symptoms.
Ultimately, the mild illnesses are not caused by different viruses. They are caused by
potential underlying immunity or general health of the host. The viruses are not different; it
is the host that is different.

As stated in the Methods Section, we made simplifying assumptions to eliminate other
sources of bias to focus on the two sources of bias discussed above. We considered each
source of bias separately. It is entirely possible that both sources of bias may be present, but
it is difficult to interpret the impact of multiple sources of bias on VE estimates. Finally, we
only considered unadjusted VE estimates because (a) we assume that the confounder (health
awareness) is unobserved, and (b) we aimed to focus on characterizing the impact of sources
of bias rather than on how one can reduce bias using statistical techniques. We are currently
working on a dynamic model that incorporates a near-real-time process of developing
influenza and non-influenza ARI, seeking medical care, and being tested for influenza
infections. The new model also includes confounders that may simultaneously affect the
probabilities of being vaccinated, contracting influenza and non-influenza ARIs, and seeking
medical care. The results from the new model, in terms of the bias of the TND-based VE
estimate, are similar to those we report in this work.

TND studies are widely used to obtain influenza VE estimates, which have strong influence
on both policy and public knowledge. This work highlights that 1) investigators should
exercise caution when using the TND as resulting VE estimates may suffer from
considerable bias due to confounding, and 2) if vaccination reduces the probability that
vaccinated influenza patients seek medical care then TND-based VE estimates may be
reliable when the outcome of interest is MAI, but they may substantially overestimate the
true VE against Sl. Thus, care should be taken to correctly interpret VE estimates from this
study design and make policy makers and the public aware that these estimates may be too
‘optimistic’ when one is concerned about reducing the risk of any influenza illness,
regardless of whether it results in seeking medical care.
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Table Al presents the expected number of influenza and non-influenza ARI patients by

health awareness and vaccination status in a hypothetical population of size 100,000 under

the baseline scenario. The table also presents the corresponding expected number of
influenza and non-influenza ARI patients who seek medical care and are therefore tested for

influenza infection.

Table Al

Calculation of the expected numbers of influenza and non-influenza ARI patients seeking
medical care by health awareness and vaccination status in a hypothetical population of
N=100,000 under the baseline scenario.

Lower health awareness
(N=50,000)

Higher health awareness
(N=50,000)

Type of ARI

Influenza Probability of contracting
Number of cases

Probability of seeking

care

Number seeking Care
Non-influenza  Probability of contracting
Number of cases

Probability of seeking

care

Vaccinated (N=20,000)

Unvaccinated (N=30,000)

Vaccinated (N=40,000)

Unvaccinated (N=10,000)

Number seeking care

0.0135 0.027
270 810
0.3 0.3
81 243

0.084 0.084

1,680 2,520
0.2 0.2
336 504

0.0135 0.027
540 270
0.6 0.6
324 162

0.084 0.084

3,360 840
04 04

1,344 336

As health awareness status is unobservable, we collapse the number of influenza and non-
influenza patients seeking medical care over the two categories of health awareness. For
example, the number of unvaccinated non-influenza patients is obtained by adding the
numbers in the 2" and 4t columns in the 8™ row of Table 3, i.e., 504 + 336 = 840.
Therefore, we expect to observe the 2x2 table shown in Table A2. The VE estimate from this
hypothetical TND study is one minus the odds ratio in Table A2, i.e., 1 0.5 = 0.5, or 50%.

Vaccine. Author manuscript; available in PMC 2018 December 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ainslie et al.

Page 8

Table A2

Expected 2x2 table resulting from the calculations in Table Al.

Vaccinated  Unvaccinated
Test positive (cases) 405 405
Test negative (controls) 1,680 840

The bias of an estimate is defined as the difference between the observed value of the
estimate and the true parameter of interest. Therefore, we must determine the true values of
VE against SI and MAI. Since the true VE is calculated under the assumption of random
vaccination, we repeat the calculations in Table A1 where the probability of being
vaccinated does not depend on a person’s health awareness. The common value of the
probability of vaccination is 0.6, as 60% of the population received the vaccine. We then find
that 1080 out of the 40,000 unvaccinated and 810 of the 60,000 vaccinees contract influenza
illness (symptomatic influenza). In other words, the risks of Sl in non-vaccinees and
vaccinees are 0.027 and 0.0135, respectively (as one would expect from probabilities of
influenza ARI used in these calculations). The #rue VE against Sl is, therefore, 1 -RR =1 -
0.5 =0.5, or 50%. If we use the probabilities of seeking medical care in the above
calculations we find that of the persons contracting Sl, 486 non-vaccinees and 364.5
vaccinees are expected to seek medical care, i.e. to become cases of MAI. Therefore, the
risks of MAI in non-vaccinees and vaccinees are 486/40000 = 0.01215 and 364.5/60000 =
0.006075 respectively, resulting in a true VE against MAI of 1 — 0.006075/0.01215 = 0.50
(50%). Thus, in our baseline scenario the estimated VE of 50% equals both the true VE
against SI and against MAL. In other words, the estimate is unbiased for both outcomes of
interest.
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Highlights

VE estimates are unbiased only when the confounder has the same effect on
the probabilities of influenza and non-influenza ARI.

VE against MAI is unbiased, but VE against Sl is overestimated when
vaccination affects seeking care for influenza ARI.

Investigators should exercise caution when using the TND as VE estimates
may suffer from considerable bias.
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Figure 1. Directed acyclic graph of influenza vaccine studies with a covariate
X=health awareness (unobserved), V=vaccination status, Y=ARI status, M=seeking medical

care for ARI, T=influenza test result.
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Figure 2.

Estimated VE, true VE against Sl, and true VE against MAI as the log of the ratio of the
probability of seeking medical care in a vaccinated case of influenza ARI divided by the
corresponding probability in an unvaccinated case (RR3) varies
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Table 1

Model assumptions made throughout the entire article and additional assumptions made for the baseline

scenario.

Situation

Entire Article

Additional for Baseline
Scenario

Assumption
Every member of the study population is classified as having either high or low health awareness.

The probabilities of being vaccinated, contracting influenza and non-influenza ARI, and seeking medical care
may be associated with health awareness.

The probability of non-influenza ARI does not depend on vaccination status.
Every ARI patient seeking medical care is tested for influenza infection.

The test for influenza infection has perfect sensitivity and specificity. Vaccination status is determined without
error.

The probability of contracting a non-influenza ARI does not depend on vaccination status and health awareness.
The probability of influenza ARI does not depend on health awareness

The probability of seeking medical care does not depend on vaccination status.
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Table 2

Parameters and their corresponding values used in general and in the baseline scenario. HA represents health
awareness.

Parameter Value

Entire Article  Baseline Scenario

Percent of population with high HA ~ 50% 50%
Probability of being vaccinated 80% - high HA  80% - high HA
40% - low HA  40% - low HA
Vaccine effectiveness 50% 50%
Probability of contracting ARI May vary 0.084 — non-influenza ARI

0.027 - influenza ARI (unvaccinated)

0.0135 - influenza ARI (vaccinated)
Probabilities of seeking medical care  May vary 0.3 —influenza ARI, low HA

0.6 — influenza ARI, high HA

0.2 — non-influenza ARI, low HA

0.4 — non-influenza ARI, high HA
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