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 ¤ Scenario 1: The first wave of COVID-19 in spring 2020 is followed by a series of repetitive smaller waves 
that occur through the summer and then consistently over a 1- to 2-year period, gradually diminishing 
sometime in 2021. The occurrence of these waves may vary geographically and may depend on what 
mitigation measures are in place and how they are eased. Depending on the height of the wave peaks, this 
scenario could require periodic reinstitution and 
subsequent relaxation of mitigation measures over the 
next 1 to 2 years. 

 ¤ Scenario 2: The first wave of COVID-19 in spring 
2020 is followed by a larger wave in the fall or winter 
of 2020 and one or more smaller subsequent waves 
in 2021. This pattern will require the reinstitution 
of mitigation measures in the fall in an attempt to 
drive down spread of infection and prevent healthcare 
systems from being overwhelmed. This pattern is 
similar to what was seen with the 1918-19 pandemic 
(CDC 2018). During that pandemic, a small wave 
began in March 1918 and subsided during the summer 
months. A much larger peak then occurred in the fall 
of 1918. A third peak occurred during the winter and 
spring of 1919; that wave subsided in the summer of 
1919, signaling the end of the pandemic. The 1957-58 
pandemic followed a similar pattern, with a smaller 
spring wave followed by a much larger fall wave 
(Saunders-Hastings 2016). Successive smaller waves 
continued to occur for several years (Miller 2009). The 
2009-10 pandemic also followed a pattern of a spring 
wave followed by a larger fall wave (Saunders-Hastings 
2016).

 ¤ Scenario 3: The first wave of COVID-19 in spring 2020 is followed by a “slow burn” of ongoing 
transmission and case occurrence, but without a clear wave pattern. Again, this pattern may vary somewhat 
geographically and may be influenced by the degree of mitigation measures in place in various areas. While 
this third pattern was not seen with past influenza pandemics, it remains a possibility for COVID-19. This 
third scenario likely would not require the reinstitution of mitigation measures, although cases and deaths 
will continue to occur.

Whichever scenario the pandemic follows (assuming at least some level of ongoing mitigation measures), we 
must be prepared for at least another 18 to 24 months of significant COVID-19 activity, with hot spots popping up 
periodically in diverse geographic areas. As the pandemic wanes, it is likely that SARS-CoV-2 will continue to 
circulate in the human population and will synchronize to a seasonal pattern with diminished severity over time, 
as with other less pathogenic coronaviruses, such as the betacoronaviruses OC43 and HKU1, (Kissler 2020) and 
past pandemic influenza viruses have done.

Figure 1
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Sazonalidade e NPI: infecção primária (linha contı́nua); infecção secundária (linha tracejada); ε -
susceptibilidade relativa à infecção secundária (Saad-Roy, 2020)
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A Public Health COVID-19 Vaccination Strategy to Maximize the
Health Gains for Every Single Vaccine Dose
Ruanne V. Barnabas, MBChB, MSc, DPhil; and Anna Wald, MD, MPH

At the forefront of innovations during the coronavirus
disease 2019 (COVID-19) pandemic is the design

and testing of the Pfizer-BioNTech and Moderna mRNA
vaccines, both of which have extremely high efficacy in
the prevention of COVID-19 after 2 doses given 21 to 28
days apart. These vaccines were administered to thou-
sands of people in placebo-controlled randomized trials;
the rollout to high-risk persons has begun in the United
Kingdom, the United States, and Canada.

The next critical step is population-wide delivery of
COVID-19 vaccination to maximally reduce morbidity and
mortality. Regardless of the extent to which severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) vacci-
nation decreases transmission in addition to disease, a
public health COVID-19 vaccination strategy should aim
tomaximize the health gains for every vaccine dose.

Efficacy for prevention of COVID-19 after a single
dose but before the second dose of the Pfizer-BioNTech
mRNA vaccine was reported at 52% (95% CI, 30% to
68%) based on 39 cases in the vaccine group and 82 in
the placebo group (1). Longer term data on 1 dose are
not yet available, and because most (98%) people in the
clinical trial received the second dose, data on a single
dose from this clinical trial will remain sparse. Similarly,
the Moderna mRNA vaccine reported 51% (CI, �53.6%
to 86.6%) vaccine efficacy in the first 14 days after the first
dose, with 5 cases in the vaccine group and 11 in the pla-
cebo group (2). Further, a single dose of the Moderna
vaccine decreased asymptomatic SARS-CoV-2 infections
by two thirds. This substantial efficacy—above the
50th percentile threshold put forth by the U.S. Food
and Drug Administration (FDA) as the minimum thresh-
old for efficacy—was noted in the initial 2 to 3 weeks after
the first injection. Because we do not expect a protective
immune response in the initial 14 days after immuniza-
tion, this suggests that once immune response is more
mature, the efficacy of a single dose may be higher than
51%. In fact, the survival curves for the cumulative inci-
dence of COVID-19 in the trial separate at about 10 days,
consistent with high efficacy once immunity to the first
dose is induced.

Currently, 3million doses of vaccine are being shipped
throughout the United States, with an equal number being
held back to maintain sufficient supply for the second
dose. We propose that priority should be given to provid-
ing a single dose to as many people as possible, rather
than emphasizing the 2-dose vaccination. The Table lists
pros and cons for each strategy.

Our rationale for single-dose COVID-19 vaccination
is 4-fold. First, doubling the vaccine coverage with a sin-
gle dose compared with a 2-dose regimen will acceler-
ate pandemic control. At the start of the SARS-CoV-2

pandemic, the basic reproductive number R0 (the num-
ber of secondary infections in an entirely susceptible
population) was between 2.5 and 3.5 (3). Currently, the
effective reproductive number Rt (the number of second-
ary infections with infectious and susceptible individuals
in the population) for SARS-CoV-2 hovers around 1 in
most communities due to transmission mitigation strat-
egies. Thus, even lack of complete protection on an indi-
vidual level is likely to lower it sufficiently to achieve the
Rt less than 1 required to stop epidemic growth. With
heterogeneities in mixing within the population such that
similar people mix with each other rather than at random
and with physical distancing, mask use, and mobility
restrictions, the proportion requiring vaccination to
reach herd immunity is likely to be lower than originally
estimated (4). Given the uneven spread of the infection,
and the high potential for super-spreading events, pro-
viding partial protection to many is likely to be more
effective than providing complete protection of a smaller
subset of the population. A single-dose SARS-CoV-2 vac-
cine approach deals directly with the shortage of vac-
cines by vaccinating twice the number of people while
maximizing the probability of achieving herd immunity.

Second, providing effective protection for as many
people as soon as possible is more ethical because it dis-
tributes the scarce commodity more justly. A single-dose
COVID-19 vaccination approach would follow the Advisory
Committee on Immunization Practices' (ACIP) ethical princi-
ples for allocating initial supplies of the COVID-19 vaccine
to 1) maximize benefits and minimize harms, 2) promote
justice, 3) mitigate health inequities, and 4) promote trans-
parency (5). With administering only a single dose SARS-
CoV-2 vaccine initially, twice the number of people could
receive the vaccine and reduce harm from COVID-19. With
limited vaccine supply, this could avoid potential exacerba-
tion of health disparities and the creation of new ones.

Third, a single-dose vaccine approach could mitigate
the higher incidence of many vaccine-associated adverse
events seen with the second vaccine dose, increasing tol-
erability and thus likely acceptability in the general popu-
lation. Reports from both vaccines have higher rates of
systemic adverse events within 7 days after the second
dose compared with the first dose (1, 2). Fever, fatigue,
headaches, chills, myalgias, or arthralgias were reported,
with some participants taking a day off from work to
recover.

Lastly, concern about behavioral disinhibition after im-
munization, such as abandoning masks and distancing,
has been voiced. In fact, our own medical colleagues
have voiced the hope that they will no longer need to
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Speed Versus Efficacy: Quantifying Potential Tradeoffs in
COVID-19 Vaccine Deployment

Background: The global effort to develop a vaccine for
coronavirus disease 2019 (COVID-19) has already produced 2
candidates, each requiring 2 doses, with reported efficacies
exceeding 90% (1). The U.S. Food and Drug Administration
(FDA) has granted Emergency Use Authorization for both vac-
cines (Pfizer-BioNTech and Moderna). Their reported efficacies
greatly exceed the 50% threshold the FDA cited in a June 2020
guidance document (2). Additional vaccine candidates at ear-
lier stages of development hold the promise of single dosing,
simpler storage requirements, and more rapid immunity after
vaccination (3).

The availability of multiple vaccine options would be a wel-
come development but would create policy dilemmas. How do
we define the “best” vaccine, and which populations should
receive it? Should the FDA expect all candidates to meet or
exceed the 90% efficacy benchmark established by the 2 front-
runners? From a population perspective, how good is “good
enough”? Given that some portion of the population will inevi-
tably fail to return for a second dose, might a single-dose
vaccine that is 75% effective and takes 2 weeks to achieve pro-
tection better contain the pandemic than a 95%-effective vac-
cine requiring 2 doses and a 4-week lag before full efficacy?

Objective: To quantify the speed-versus-efficacy tradeoff
using a previously published model of a COVID-19 vaccination
program (4). The model accounts for transmission of severe
acute respiratory syndrome coronavirus 2, COVID-19 disease
severity, and recovery or vaccination leading to protective im-
munity. Modifying parameters related to vaccine efficacy, vacci-
nation program scale-up and coverage, and the time to vaccine
benefits, we compared the likely performance of 1- and 2-dose
vaccine candidates over a 6-month horizon on outcomes of cu-
mulative infections, deaths, and peak hospitalizations.

Methods and Findings: Consistent with the FDA efficacy
definition, we assumed that a 2-dose vaccine produced a 95%
decrease in rates of progression to symptomatic disease, to
severe or critical disease from mild disease, and to COVID-19–
related death, as well as a nearly 3-fold increase in rates of dis-
ease recovery. We further assumed that this vaccine had a 0.5%
daily uptake, double the observed peak rate for influenza vacci-
nation in the United States (4), and took 4 weeks to achieve life-
time protection, allowing for partial immunity after the first
dose. We compared this vaccine with 2 hypothetical, single-
dose alternatives, one conferring lifetime protection and the
other with stable efficacy of uncertain duration (exponentially
distributed with a mean duration of 6 months). Both of these
single-dose vaccines were assumed to achieve more rapid daily
uptake (0.75%) and to take effect 14 days after administration.
We considered efficacies for both single-dose vaccines ranging
from 0% to 100%.

We did the base analysis in the context of an epidemic with
an effective reproduction number (Rt) of 1.8. Other inputs were
obtained from published sources, particularly the guidance for
COVID-19 model parameterization from the Centers for
Disease Control and Prevention and the Department of Health
and Human Services Office of the Assistant Secretary for
Preparedness and Response (4, 5).

In this model, a single-dose vaccine conferring lifetime pro-
tection need only attain an efficacy of 55% to avert as many
infections as a 2-dose vaccine with 95% efficacy (Figure [top],
blue crossing orange line). However, the single-dose vaccine
with an uncertain duration of protection (mean, 6 months; yel-
low line), would need to attain 75% efficacy to avert the same
number of infections. Similar mortality outcomes (Figure, bot-
tom) can be achieved at single-dose efficacy levels of 40% (life-
time) and 60% (uncertain). Under more severe epidemic
assumptions (Rt = 2.1), the single-dose vaccine at lower efficacy
levels of 50% (lifetime) and 70% (uncertain) would prevent as
many infections as a 2-dose vaccine with 95% effectiveness.
Parity of mortality outcomes would be achieved at single-dose
efficacy levels of 30% (lifetime) and 45% (uncertain). The single-
dose vaccine could also achieve outcome parity at lower effi-
cacy if the challenges of administering a 2-dose vaccination
series reduced coverage.

Discussion: Prior work has shown that the success of a
COVID-19 vaccination program will dependmore on the speed
and reach of its implementation than on the efficacy of the vac-
cine itself (4). The analysis presented here highlights the steep
clinical and epidemiologic costs imposed by a 2-dose vaccina-
tion series in the context of ongoing pandemic response.
Depending on the duration of protection conferred—and, of
note, considering only a 6-month time horizon—a single-dose

Figure. Comparison of vaccine performance.
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The figures illustrate the performance of 4 vaccination strategies in
100000 persons with 0.1% infected and 9000 recovered in a susceptible–
exposed–infectious–recovered model: 1) no vaccination (gray line); 2) a
95%-effective, 2-dose vaccine (orange line); 3) a single-dose vaccine con-
ferring lifetime protection (blue line); and 4) a single-dose vaccine confer-
ring an uncertain duration of protection that is exponentially distributed
with a mean of 6 mo (yellow line). The vertical axes represent the outcome
of interest (cumulative infections [top] and deaths [bottom]). The horizontal
axes denote the efficacy of the single-dose vaccine. The crossing point of
the blue line with the orange and yellow lines denotes the efficacy levels at
which the 2 single-dose vaccines match the performance of the 95%-
effective, 2-dose comparator.
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vaccine with 55% effectiveness may confer greater population
benefit than a 95%-effective vaccine requiring 2 doses. This
suggests that now that a highly effective, 2-dose vaccine for
COVID-19 has been authorized and vaccination programs have
begun, sustained and aggressive investment in pursuit of
faster-acting, more convenient, 1-dose vaccine candidates
remains justified.
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Data to obtain an optimal delay for administration of a vaccine second dose. The optimal second dose

delay emerges from the solution of the optimization model. The model is solved using an optimization

algorithm that considers multiple scenarios and iteratively adjusts the decision variables to find the

optimal delay between the first and second vaccine doses and the target control reproduction number.
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SEIR model for age group p with a two-dose vaccine that blocks infection
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The shaded areas represent the first-dose efficacy that results in doubling the time to second dose from

the baseline (4 wk). Left shows the second-dose delay when the vaccine alleviates symptoms; in this

case, the best strategy delays the second dose for≥ 8 wk when the first-dose efficacy is≥ 70%. Right

shows the second-dose delay when the vaccine blocks infection; here, the best strategy delays the

second dose for≥ 8 wk when the first-dose efficacy is≥ 50%. For both vaccine types, the second-dose

efficacy reaches 82.4%. The filled circles show the time to the second dose for r0 = 2.5, and the bars

represent the variability across simulations when r0 is varied from 1.8 to 3 in 0.2 steps
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Concerns about SARS-CoV-2 evolution should not hold back 
efforts to expand vaccination 
Sarah Cobey1*, Daniel B. Larremore2,3, Yonatan H. Grad4, and Marc Lipsitch4,5 
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 Boston, MA, USA 
5 Center for Communicable Disease Dynamics, Department of Epidemiology, Harvard T.H. Chan School of 
 Public Health, Boston, MA, USA 
 
* Correspondence: cobey@uchicago.edu 

Abstract 
When vaccines are in limited supply, expanding the number of people who receive some vaccine 
can reduce disease and mortality compared to concentrating vaccines in a subset of the 
population. A corollary of such dose-sparing strategies is that vaccinated individuals may have 
less protective immunity. Concerns have been raised that expanding the fraction of the population 
with partial immunity to SARS-CoV-2 could increase selection for vaccine escape variants, 
ultimately undermining vaccine effectiveness. We argue that although this is possible, preliminary 
evidence instead suggests such strategies should slow the rate of vaccine or immune escape. As 
long as vaccination provides some protection against escape variants, the corresponding 
reduction in prevalence and incidence should reduce the rate at which new variants are generated 
and the speed of adaptation. Because there is little evidence for efficient immune selection of 
SARS-CoV-2 during typical infections, these population-level effects are likely to dominate 
vaccine-induced evolution.   

Introduction 
In an effort to reduce the number of COVID-19 cases, hospitalizations, and deaths as fast as 
possible, the UK has adopted a policy that prioritizes administering first doses of SARS-CoV-2 
vaccines widely over giving second doses to those who have received one, and some in the US 
have discussed similar policies, including vaccination of twice the number of individuals with two 
half doses. These strategies are collectively known as “dose-sparing” strategies, intended to 
maximize the proportion of the population reached quickly with some vaccine. While much of the 
discussion of these strategies has been in high-income countries, it is an even more pressing 
question globally, where there remains an extreme vaccine shortage. Fewer than two billion doses 
are projected to be available by the end of 2021 through COVAX, which would cover about a 
quarter of the 6.4 billion residents of the countries targeted by COVAX, assuming two doses are 
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One might ask if these reductions in disease and transmission from a dose-sparing strategy would 
persist in the face of variants that are less affected by the natural and/or vaccine-induced immune 
response. We argue that they should, because the evolution of complete escape from vaccine-
induced immunity is exceedingly unlikely (Kennedy and Read 2017). Thus, vaccines that reduce 
disease against the original (wild-type) virus are still likely to reduce disease somewhat against 
the escape variant. Similar effects would hold for transmission: escape variants would transmit 
better than the wild-type virus in a vaccinated population, but they would not transmit as readily 
in a vaccinated population as the wild-type virus would in an unvaccinated population (Figure 1A, 
B). Vaccine-induced immunity includes an antibody response, which targets multiple 
conformational epitopes on the spike protein, and a T cell response, which targets a different set 
of linear epitopes. Mutations that attenuate the binding of some antibodies or T cell receptors will 
reduce but not eliminate individuals’ protective immunity (Greaney et al. 2021; Wang et al. 2021; 
Liu et al. 2020). Consequently, it is extremely unlikely that the epidemic dynamics of a vaccine 
escape variant would be identical to the dynamics of original variants. Instead, the vaccine escape 
variants in vaccinated populations are likely to be transmitted more slowly than their ancestors 
were in unvaccinated populations, resulting in lower prevalence and incidence.   
 
Taken together, these considerations argue that the protection against disease should be greater, 
and the reduction in prevalence of infection greater, in a dose-sparing approach where more 
individuals receive one dose than in a comparator scenario where half as many individuals receive 
two doses. 
 
 

 
Figure 1. Potential vaccine-induced evolution. (A) Vaccination increases the transmission advantage 
of an escape variant compared to wild type. Here, vaccine escape is complete, allowing the variant to 
replace the wild type in vaccinated hosts. (B) If residual immune protection from vaccination slows the 
transmission of the variant, the variant cannot spread as readily in the vaccinated population, reducing 
prevalence and incidence. (C) Within hosts, “intermediate” immune pressure could in theory maximize 
the rate of adaptation. After two doses of vaccine, strong immune responses will likely inhibit viral 
replication and the emergence of escape mutations. Some have proposed that with just one dose, the 
rate of within-host adaptation could be high (triangle at top of the curve). We suggest that selection during 
COVID-19 infections is inefficient (triangle to lower right of curve).  

A - vacina confere vantagem para variante; B - proteção residual contra variante (Cobey, 2021)
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persist in the face of variants that are less affected by the natural and/or vaccine-induced immune 
response. We argue that they should, because the evolution of complete escape from vaccine-
induced immunity is exceedingly unlikely (Kennedy and Read 2017). Thus, vaccines that reduce 
disease against the original (wild-type) virus are still likely to reduce disease somewhat against 
the escape variant. Similar effects would hold for transmission: escape variants would transmit 
better than the wild-type virus in a vaccinated population, but they would not transmit as readily 
in a vaccinated population as the wild-type virus would in an unvaccinated population (Figure 1A, 
B). Vaccine-induced immunity includes an antibody response, which targets multiple 
conformational epitopes on the spike protein, and a T cell response, which targets a different set 
of linear epitopes. Mutations that attenuate the binding of some antibodies or T cell receptors will 
reduce but not eliminate individuals’ protective immunity (Greaney et al. 2021; Wang et al. 2021; 
Liu et al. 2020). Consequently, it is extremely unlikely that the epidemic dynamics of a vaccine 
escape variant would be identical to the dynamics of original variants. Instead, the vaccine escape 
variants in vaccinated populations are likely to be transmitted more slowly than their ancestors 
were in unvaccinated populations, resulting in lower prevalence and incidence.   
 
Taken together, these considerations argue that the protection against disease should be greater, 
and the reduction in prevalence of infection greater, in a dose-sparing approach where more 
individuals receive one dose than in a comparator scenario where half as many individuals receive 
two doses. 
 
 

 
Figure 1. Potential vaccine-induced evolution. (A) Vaccination increases the transmission advantage 
of an escape variant compared to wild type. Here, vaccine escape is complete, allowing the variant to 
replace the wild type in vaccinated hosts. (B) If residual immune protection from vaccination slows the 
transmission of the variant, the variant cannot spread as readily in the vaccinated population, reducing 
prevalence and incidence. (C) Within hosts, “intermediate” immune pressure could in theory maximize 
the rate of adaptation. After two doses of vaccine, strong immune responses will likely inhibit viral 
replication and the emergence of escape mutations. Some have proposed that with just one dose, the 
rate of within-host adaptation could be high (triangle at top of the curve). We suggest that selection during 
COVID-19 infections is inefficient (triangle to lower right of curve).  

especulação: com apenas uma dose, a taxa de adaptação dentro do hospedeiro pode ser alta (triângulo
no topo da curva) (Cobey, 2021)
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Why is drug resistance common and vaccine resistance rare? Drugs and

vaccines both impose substantial pressure on pathogen populations to evolve

resistance and indeed, drug resistance typically emerges soon after the intro-

duction of a drug. But vaccine resistance has only rarely emerged. Using

well-established principles of population genetics and evolutionary ecology,

we argue that two key differences between vaccines and drugs explain why

vaccines have so far proved more robust against evolution than drugs. First,

vaccines tend to work prophylactically while drugs tend to work therapeuti-

cally. Second, vaccines tend to induce immune responses against multiple

targets on a pathogen while drugs tend to target very few. Consequently,

pathogen populations generate less variation for vaccine resistance than they

do for drug resistance, and selection has fewer opportunities to act on that

variation. When vaccine resistance has evolved, these generalities have been

violated. With careful forethought, it may be possible to identify vaccines at

risk of failure even before they are introduced.

1. Introduction
Pathogen evolution impacts the efficacy of vaccines and antimicrobial drugs

(e.g. antibiotics, antivirals, antimalarials) very differently (figure 1). After a

new drug is introduced, drug resistance can rapidly evolve, leading to treat-

ment failures [12]. For instance, most Staphylococcus aureus isolates in British

hospitals were resistant to penicillin just 6 years after the introduction of the

drug [13]. Similar evolutionary trajectories have been observed for the vast

majority of drugs [14] and today many drugs are clinically useless against par-

ticular pathogens [15]. The problem has become so acute that drug resistance is

viewed as one of the great challenges of our age, ranking alongside climate

change and surpassing terrorism [16]. By striking contrast, vaccines generally

provide sustained disease control. Most human vaccines have continued to pro-

vide protection since their introduction decades or even centuries ago (figure 1).

For example, smallpox was eradicated because no virus strains capable of trans-

mitting between vaccinated individuals ever emerged [17]. Indeed, the

evolution of vaccine resistance is so rare that vaccines are now considered a

leading solution to the drug resistance problem [11,18].

Yet drugs and vaccines both profoundly suppress pathogen fitness and so

both should generate tremendous evolutionary pressure for resistance (defined

here as a phenotype conferring increased pathogen replication or survival in trea-

ted hosts). Why then does pathogen evolution regularly undermine drug efficacy

but rarely undermine vaccine efficacy (figure 1)? Here we propose that well-

known principles of resistance management explain why vaccine resistance

rarely evolves.

Note that we restrict our discussion to evolutionary changes that result either

from mutation or from amplification of extremely rare variants (those maintained

by mutation-selection balance). This focus excludes cases of ‘common-variant ser-

otype replacement’ in which strains of a pathogen that were previously observed

& 2017 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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but intentionally not targeted by vaccines rise in frequency

after the onset of vaccination. Although serotype replacement

is a form of evolution, and an important consideration in a

vaccinated host population, this process is perhaps better

explained by purely ecological factors and thus warrants

separate exploration [19]. To draw an analogy with drugs, ser-

otype replacement is similar to an opportunistic infection like

Clostridium difficile appearing after drugs were used to treat a

different pathogen. That is undoubtedly an important pheno-

menon, but it is distinct from the evolution of resistance given

that the intervention is still effective against its intended target.

A growing body of evidence suggests that the targets

of several human vaccines are evolving (e.g. [10,20–23]),

although the public health consequences of these evolutionary

trajectories have often been unclear (e.g. [10,22,24–26]). Veter-

inary vaccines offer more examples, including the evolution of

novel serotypes [27], antigenic loss [28], antigenic drift [29,30]

and life-history modifications [31,32]. Nevertheless, vaccine

resistance is relatively rare, and when it does emerge, it tends

to take longer than antimicrobial resistance (figure 1).

It is well known that evolutionary trajectories are influ-

enced by system-specific details. But there is a generality

here: pathogen evolution almost always undermines drugs

but rarely undermines vaccines (figure 1). This suggests that

important features might be shared within each of these classes

of disease intervention. For example, it is common to associate

drugs with bacterial diseases and vaccines with viral diseases,

and so one might wonder whether bacteria are simply more

able to evolve resistance than viruses. But that cannot be a gen-

eral explanation: viruses rapidly evolve resistance to antiviral

drugs. For example, resistance to influenza [33,34] and herpes-

virus drugs [35,36] emerged within a few years of FDA

approval, and resistance to antivirals rapidly arises within

human immunodeficiency virus (HIV) and hepatitis C virus

(HCV)-infected patients unless they strictly adhere to certain

treatment protocols [8,9] (a point to which we return below).

Moreover, vaccine resistance has yet to emerge in several bac-

teria species (figure 1) even though drug resistance readily

does. So it cannot be that drugs are more vulnerable to patho-

gen evolution because of some difference between bacteria and

viruses. The explanation must lie elsewhere.

Previous efforts to understand the absence of vaccine

resistance have mostly focused on measles. Frank & Bush [37]

hypothesized that the inability of measles virus to escape vacci-

nation might result from a trade-off between rapid pathogen

transmission and antigenic flexibility. However, one might

wonder why selection did not push this trade-off to favour anti-

genic flexibility once mass vaccination began to drive local

extinction. Kalland et al. [38] suggested that measles virus

might have an unusually low mutation rate for an RNA virus,

but Schrag et al. [39] showed that measles virus mutates at

rates similar to that of other RNA viruses. Fulton et al. [40]

showed that measles virus antigens may be strongly constrained

by natural selection, but in the same paper they also showed that

evolutionary constraint is weaker for influenza virus antigens,

suggesting that while antigenic constraint might be a property

of measles virus, it is not an inherent property of vaccine targets.

We are aware of only one attempt to find a general expla-

nation for why vaccine resistance is rare. McLean [41,42]

observed that vaccines against childhood diseases like measles,

1920 1940 1960 1980 2000 2016

year
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sulfadoxine−pyrimethamine
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halofantrine
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Figure 1. Time to first detection of human pathogens resistant to vaccines [1 – 6] and antimicrobial drugs [7]. Similar patterns exist for antiviral drugs, although
antiviral resistance evolution can often be slowed by the use of combination antiviral therapy [8,9]. Viral vaccines are labelled in purple, bacterial vaccines are
labelled in green. Blue ‘x’s denote the first observations of resistance, with lines starting at product introduction (except for smallpox vaccination which began
much earlier). Note that in all cases, substantial public health gains continued to accrue beyond the initial appearance of resistance. Only vaccines in the current
immunization schedule recommended by the Centers for Disease Control and Prevention [6] are shown, with the addition of the smallpox vaccine. Global eradication
of smallpox (marked as a filled, blue circle), ended the opportunity for resistance to emerge (blue line). The seasonal influenza vaccine is routinely undermined by
antigenic evolution, evolution that occurs even in the absence of vaccination (dotted line). We took the earliest appearance of a vaccine-resistant pertussis variant to
be the first record of a pertactin-negative strain [5]. This date [10] and several others (e.g. [11]) could be debated, but the general pattern is robust: resistance to
drugs occurs more readily than resistance to vaccines.
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roxo: vacinas virais; verde: vacinas bacterianas; X: relato de resistência; cı́rculo azul cheio: erradicação;
tracejado: evolução antigência mesmo na ausência da vacina (Kennedy, 2017)
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polio and smallpox mimic natural immunity which pathogen

evolution failed to evade despite intense selection for at

least thousands of years (indeed, that is why they are

called childhood diseases: they are restricted to non-immune

individuals). She argues that natural and vaccine-induced

immunity against these diseases are robust to pathogen evol-

ution because they are ‘broadly cross reactive’. This raises the

question of precisely what is meant by broadly cross reactive.

Antimicrobial drugs are also broadly cross reactive in the

sense that they too kill a wide variety of strains, yet drug

resistance readily evolves.

Here we argue that vaccines are less vulnerable to patho-

gen evolution than are antimicrobial drugs because of

differences in the way drugs and vaccines work. We contend

that two key features of vaccines have large, synergistic

effects on the rate at which resistance arises and then spreads

(table 1, formalized in electronic supplementary material,

appendix). Our hypothesis leans heavily on empirical and

theoretical work designed to slow the evolution of drug

resistance [43]. Elements of what we propose have been

suggested before (e.g. [11,42,44–46]), but so far as we are

aware, our argument has never appeared in its entirety.

2. Key factors
(a) Timing of action
For most infectious diseases, hours to days elapse between

exposure to a pathogen and symptomatic infection in a host.

Typically, relatively few pathogen virions or cells establish an

infection but then, as replication proceeds, populations balloon

to the vast numbers associated with illness and infectiousness

(e.g. [47–49]). Pathogen replication during this incubation

period creates opportunities for mutations to arise, while

pathogen transmission after this incubation period creates

opportunities for these mutations to spread to new hosts.

Therapies that act early can, therefore, be more robust to patho-

gen evolution because they limit replication and reduce the

opportunities for spread to new hosts (table 1, figure 2).

The evolutionary benefit of treating infections early was

noted over a century ago [50], but to reduce costs and side

effects, drugs are typically administered therapeutically,

meaning only after symptoms of disease arise. At the start of

therapeutic treatment, the pathogen population within a host

can be enormous, having already accumulated genetic diver-

sity and become transmissible. Indeed, empirical studies

have shown that the larger a microbe population is at the

time of treatment, the more likely is the evolution of drug resist-

ance [51]. This risk of therapeutic treatment is exacerbated

during transmission between treated hosts, because differences

in clearance rates between pathogen lineages could allow par-

tially resistant lineages to transmit longer after treatment than

less resistant ones (figure 2).

In contrast with drugs, vaccines are almost always used

prophylactically. Prophylactic treatment, or the ongoing use

of an intervention prior to known exposure, is the extreme

limit of early treatment. The protective immune responses

that vaccines elicit tend to keep pathogen populations from

ever achieving large sizes, reducing the accumulation of diver-

sity and opportunities for onward transmission. For example,

tuberculosis vaccination suppresses peak bacterial population

size 2–5 orders of magnitude in a rodent model [52]. Similarly,

measles vaccination reduces virus titres by at least 3 orders of

magnitude in a non-human primate model [53]. Pertussis vac-

cination reduces transmission from vaccinated hosts that

become infected by 85% [54]. By keeping pathogen populations

small and reducing onward transmission, potentially several

Table 1. A summary of our argument. For the most part, vaccines act early and induce immunity which has multiple targets. These features reduce the
likelihood of resistance originating in the first place and reduce the rate of spread of resistance if it does arise.

feature origin spread

early action ( prophylaxis) prophylaxis limits the accumulation of genetic

diversity before intervention

pre-transmission clearance reduces opportunity for

selection on partial resistance during spread

multiplicity of targets combination-like effect reduces chance that

resistance will appear

mosaic-like effect reduces the transmission advantage

of resistance

time post exposure

pa
th

og
en

 p
op
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at
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n 

si
ze

transmission
threshold

Figure 2. Schematic showing the effect of treatment timing on the evolution
of resistance in a single infection. The dotted black line shows the pathogen
population size over the course of an infection in an untreated host. The
dashed black horizontal line shows the pathogen population size necessary
for transmission. Dots mark the start of treatment, with red depicting early
treatment (nearly prophylactic) and blue depicting later treatment (thera-
peutic). In comparison with later treatment, pathogen population size is
small at the start of early treatment, reducing the likelihood that resistance
will be generated de novo. In addition, when treatment is started sufficiently
early, the sensitive pathogen population size (solid red curve) may never
approach the threshold necessary for transmission and that might remain
true even with small or moderate increases in resistance (dashed red curve).
When treatment is started later, however, the sensitive pathogen (solid blue
curve) may already be capable of transmission, so that small or moderate
increases in resistance (dashed blue curve) would likely extend the window
of time that the pathogen is transmissible. This creates a window of opportu-
nity for partial resistance to be selectively favoured during spread to other hosts
(shaded blue interval) that is not present when treatment begins early.

rspb.royalsocietypublishing.org
Proc.R.Soc.B

284:20162562
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pontilhado: evolução natural; vermelho: cedo (profilaxia); azul: tarde (terapia); contı́nua: patógeno
sensı́vel; patógeno parcialmente resistente; horizontal: limiar de transmissão; sombreado: janela de
oportunidade de seleção favorável (Kennedy, 2017)
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polio and smallpox mimic natural immunity which pathogen

evolution failed to evade despite intense selection for at

least thousands of years (indeed, that is why they are

called childhood diseases: they are restricted to non-immune

individuals). She argues that natural and vaccine-induced

immunity against these diseases are robust to pathogen evol-

ution because they are ‘broadly cross reactive’. This raises the

question of precisely what is meant by broadly cross reactive.

Antimicrobial drugs are also broadly cross reactive in the

sense that they too kill a wide variety of strains, yet drug

resistance readily evolves.

Here we argue that vaccines are less vulnerable to patho-

gen evolution than are antimicrobial drugs because of

differences in the way drugs and vaccines work. We contend

that two key features of vaccines have large, synergistic

effects on the rate at which resistance arises and then spreads

(table 1, formalized in electronic supplementary material,

appendix). Our hypothesis leans heavily on empirical and

theoretical work designed to slow the evolution of drug

resistance [43]. Elements of what we propose have been

suggested before (e.g. [11,42,44–46]), but so far as we are

aware, our argument has never appeared in its entirety.

2. Key factors
(a) Timing of action
For most infectious diseases, hours to days elapse between

exposure to a pathogen and symptomatic infection in a host.

Typically, relatively few pathogen virions or cells establish an

infection but then, as replication proceeds, populations balloon

to the vast numbers associated with illness and infectiousness

(e.g. [47–49]). Pathogen replication during this incubation

period creates opportunities for mutations to arise, while

pathogen transmission after this incubation period creates

opportunities for these mutations to spread to new hosts.

Therapies that act early can, therefore, be more robust to patho-

gen evolution because they limit replication and reduce the

opportunities for spread to new hosts (table 1, figure 2).

The evolutionary benefit of treating infections early was

noted over a century ago [50], but to reduce costs and side

effects, drugs are typically administered therapeutically,

meaning only after symptoms of disease arise. At the start of

therapeutic treatment, the pathogen population within a host

can be enormous, having already accumulated genetic diver-

sity and become transmissible. Indeed, empirical studies

have shown that the larger a microbe population is at the

time of treatment, the more likely is the evolution of drug resist-

ance [51]. This risk of therapeutic treatment is exacerbated

during transmission between treated hosts, because differences

in clearance rates between pathogen lineages could allow par-

tially resistant lineages to transmit longer after treatment than

less resistant ones (figure 2).

In contrast with drugs, vaccines are almost always used

prophylactically. Prophylactic treatment, or the ongoing use

of an intervention prior to known exposure, is the extreme

limit of early treatment. The protective immune responses

that vaccines elicit tend to keep pathogen populations from

ever achieving large sizes, reducing the accumulation of diver-

sity and opportunities for onward transmission. For example,

tuberculosis vaccination suppresses peak bacterial population

size 2–5 orders of magnitude in a rodent model [52]. Similarly,

measles vaccination reduces virus titres by at least 3 orders of

magnitude in a non-human primate model [53]. Pertussis vac-

cination reduces transmission from vaccinated hosts that

become infected by 85% [54]. By keeping pathogen populations

small and reducing onward transmission, potentially several

Table 1. A summary of our argument. For the most part, vaccines act early and induce immunity which has multiple targets. These features reduce the
likelihood of resistance originating in the first place and reduce the rate of spread of resistance if it does arise.

feature origin spread

early action ( prophylaxis) prophylaxis limits the accumulation of genetic

diversity before intervention

pre-transmission clearance reduces opportunity for

selection on partial resistance during spread

multiplicity of targets combination-like effect reduces chance that

resistance will appear

mosaic-like effect reduces the transmission advantage

of resistance

time post exposure
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Figure 2. Schematic showing the effect of treatment timing on the evolution
of resistance in a single infection. The dotted black line shows the pathogen
population size over the course of an infection in an untreated host. The
dashed black horizontal line shows the pathogen population size necessary
for transmission. Dots mark the start of treatment, with red depicting early
treatment (nearly prophylactic) and blue depicting later treatment (thera-
peutic). In comparison with later treatment, pathogen population size is
small at the start of early treatment, reducing the likelihood that resistance
will be generated de novo. In addition, when treatment is started sufficiently
early, the sensitive pathogen population size (solid red curve) may never
approach the threshold necessary for transmission and that might remain
true even with small or moderate increases in resistance (dashed red curve).
When treatment is started later, however, the sensitive pathogen (solid blue
curve) may already be capable of transmission, so that small or moderate
increases in resistance (dashed blue curve) would likely extend the window
of time that the pathogen is transmissible. This creates a window of opportu-
nity for partial resistance to be selectively favoured during spread to other hosts
(shaded blue interval) that is not present when treatment begins early.
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Vacinas agem precocemente e induzem imunidade que tem múltiplos alvos. Esses recursos reduzem a
probabilidade de resistência se originar em primeiro lugar e reduzem a taxa de propagação da
resistência se ela surgir. Vacinas tendem a funcionar profilaticamente, enquanto os medicamentos
tendem a funcionar terapeuticamente. Vacinas tendem a induzir respostas imunológicas contra vários
alvos, enquanto as drogas tendem a ter muito poucos. Conseqüentemente, as populações de patógenos
geram menos variação para resistência à vacina do que para resistência aos medicamentos, e a seleção
tem menos oportunidades de agir sobre essa variação. Quando a resistência à vacina evoluiu, essas
generalidades foram violadas.(Kennedy, 2017)
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cine for regulatory approval and deployment. 

Postapproval studies will then take on an 

important role for continued assessment of 

vaccine effectiveness. These may include in-

dividual- or community-level randomized tri-

als to compare different active vaccines with-

out a control arm, as in the U.S. Department 

of Defense’s individually randomized 

Pragmatic Assessment of Influenza Vaccine 

Effectiveness in the DoD (PAIVED) trial, 

which assesses the relative merits of three 

licensed influenza vaccines (NCT03734237).

Another approach to amass evidence on 

subgroup-specific efficacy is post-

approval observational studies. 

This includes active surveillance of 

high-priority cohorts from, for ex-

ample, nursing homes or assisted 

living facilities, as has been done 

for influenza. This also includes 

test-negative designs, which are 

routinely used to assess vaccine 

effectiveness (4). Symptomatic 

individuals that test negative for 

severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) func-

tion as controls for test-positive 

cases, and their vaccination status 

is compared, adjusting for selected 

confounders. Test-negative designs 

can be integrated into outpatient 

testing in the community (5) or 

use emergency department visits 

to estimate vaccine effectiveness 

against severe disease (6). To rap-

idly establish these systems, re-

searchers can leverage ongoing in-

fluenza surveillance. Conveniently, 

these programs can simultane-

ously monitor more than one vac-

cine, enabling assessment of their 

relative merits. 

A key limitation of observational 

studies is confounding. There may 

be many differences between indi-

viduals who do and do not get vacci-

nated, which may create noncausal 

correlations between vaccine sta-

tus and outcomes. Although such 

biases can threaten any observational study 

of vaccine effectiveness, there are some ap-

proaches to detect such biases and reduce 

their magnitude (7, 8). 

The clearest evidence of indirect protec-

tion is from a vaccine that prevents infec-

tion entirely, thereby reducing transmis-

sion. These data will be generated in efficacy 

trials that include infection as a secondary 

endpoint. This endpoint is measured by 

a specialized assay to distinguish an in-

fection-induced response from a vaccine-

induced antibody response. A vaccine can 

provide indirect protection even if it does 

not fully prevent infection (see the figure). 

Vaccines that reduce disease severity can 

also reduce infectiousness by reducing viral 

shedding and/or symptoms that increase 

viral spread (e.g., coughing and sneezing). 

A worst-case scenario is a vaccine that re-

duces disease while permitting viral shed-

ding; this could fail to reduce transmission 

or conceivably even increase transmission if 

it suppressed symptoms. 

To assess a vaccine’s impact on infec-

tiousness, some phase 3 trials examine the 

amount or duration of viral shedding in 

laboratory-confirmed, symptomatic partici-

pants by home collection of saliva samples 

and frequent polymerase chain reaction 

(PCR) testing. However, this would not 

capture any change in viral shedding for 

asymptomatic participants. Moreover, se-

rology tests detect previous infection and 

cannot reconstruct shedding during active 

infection. To measure viral load in both 

symptomatic and asymptomatic partici-

pants, it is necessary to conduct frequent 

(e.g., weekly) viral testing, irrespective of 

symptoms, to capture participants during 

their period of acute infectiousness. The 

Oxford-AstraZeneca vaccine trial is testing 

participants in the United Kingdom for the 

virus weekly regardless of symptoms, but 

not in other trials for which protocols have 

been released. Even weekly testing will not 

give detailed information about the effect 

of the vaccine on viral shedding, and the 

relationship between viral loads and in-

fectiousness is unknown; nonetheless, this 

approach is likely to provide some evidence 

if viral loads are on average lower among 

vaccinated people. Human challenge vac-

cine studies, in which individuals in a ran-

domized controlled trial are deliberately 

exposed to the virus, could generate high-

quality data on the effect of vaccines 

on viral shedding (9).

Other approaches exist to directly 

estimate infectiousness without 

the need to extrapolate from viral 

load. Add-on household studies 

can supplement efficacy trials. In-

vestigators can follow household 

members or other close contacts of 

infected participants to assess the 

vaccine’s effect on infectiousness, 

as has been implemented for the 

respiratory disease pertussis (also 

called whooping cough) (10). Viral 

sequencing could be used within the 

trial to link infector-infectee pairs 

and better estimate indirect effects 

(11). Another strategy is to design 

cluster-randomized trials in which 

indirect effectiveness is a primary 

outcome. In influenza vaccine tri-

als, health care workers at nursing 

homes were cluster-randomized to 

be offered vaccine or not, and the 

endpoints were mortality, influenza-

like illness, or influenza infection in 

the patients they cared for (12). 

Observational studies may also be 

helpful, but, in general, measuring 

indirect effects of vaccines is even 

harder than detecting direct effects. 

It is urgent, therefore, to obtain evi-

dence on how each candidate vac-

cine affects infectiousness either 

before approval or soon after, when 

scarcity may justify randomized dis-

tribution of a vaccine.

Other open questions about the rapidly 

developed  COVID-19 vaccines include long-

term safety (indicating the critical need for 

pharmacovigilance activities), the duration 

of vaccine protection, the efficacy of a par-

tial vaccination series or of lower doses (13), 

the vaccine’s level of protection against se-

vere infection and death, efficacy by base-

line serostatus, and the potential for the 

virus to evolve to escape vaccine-induced 

immunity. The answers to such questions 

inform the optimal use of any vaccine. 

Availability of a COVID-19 vaccine will 

initially be limited, and so several expert 

 

Efcacy to 
prevent 
disease
Primary
endpoint

Efcacy to
prevent 
infection
Secondary
endpoint

Reduced 
infectiousness 
of each 
breakthrough 
infection

Indirect vaccine
efectiveness

Not directly measured

Vaccine (V)

V P V P V PV P

Vaccine efects

Individually randomized vaccine efcacy trial

Placebo (P)

Symptomatic disease

Asymptomatic infections

Total primary infections

Uninfected

Secondary infections

Vaccine effects
Vaccines provide direct protection by reducing susceptibility to disease 

or infection. Vaccines provide indirect protection by reducing the number 

of people infected in a population or their infectiousness. These vaccine 

effects can be assessed in clinical trials by measuring the efficacy to 

prevent disease, to prevent infection, and to reduce infectiousness, as 

well as in studies to assess indirect effects of the vaccine (15). 
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I homogeneity in the population:
I pathogen transmission
I host susceptibility to infection and disease (be it

genetic or acquired)
I FoI over time in a specific setting
I protective immunity as a result of vaccination across

settings.
I implication: transportability problems
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Randomization and baseline transmission in vaccine field trials
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SUMMARY

In randomized trials, the treatment assignment mechanism is independent of the outcome of

interest and other covariates thought to be relevant in determining this outcome. It also allows,

on average, for a balanced distribution of these covariates in the vaccine and placebo groups.

Randomization, however, does not guarantee that the estimated effect is an unbiased estimate of

the biological effect of interest. We show how exposure to infection can be a confounder even in

randomized vaccine field trials. Based on a simple model of the biological efficacy of interest, we

extend the arguments on comparability and collapsibility to examine the limits of randomization

to control for unmeasured covariates. Estimates from randomized, placebo-controlled Phase III

vaccine field trials that differ in baseline transmission are not comparable unless explicit control

for baseline transmission is taken into account.

INTRODUCTION

‘The only general way rigorously to exclude the biasing

effects of other factors is to base allocation decisions

as to which intervention is applied to a particular in-

dividual or group on a random mechanism’ [1]. The

statement is motivated by the independence of the

treatment assignment mechanism and the outcome of

interest, as well as other covariates, in randomized

trials. Randomization also allows, on average, for a

balanced distribution of any covariates, observed or

not, in the vaccine and placebo groups. Thus, the

treatment groups are seen as comparable. Baseline

transmission, pre-existing immunity and individual

responsiveness are examples of possibly relevant fac-

tors. For these reasons, randomization, in addition

to double-masking, are usually proposed as good

research practices for valid clinical trials [2].

Randomization, however, does not guarantee that

the estimated effect is an unbiased estimate of the bio-

logical effect of interest. The ability of randomization

to control for confounding has been challenged from

at least two perspectives. Greenland & Robins [3] and

Greenland [4] state the problem from the perspective

of potential outcomes and show that effect measures

can be confounded even if the treatment assignment

mechanism is random. Gail and colleagues [5–8]

examine the effects of omitting a covariate that has

the same distribution among exposed and unexposed

subjects from regression analyses of cohort data.

They describe the conditions under which a balanced

covariate can be omitted without biasing the

estimates.

These results also hold in randomized Phase III

vaccine efficacy field trials. A new dimension is added

when the covariate being considered is the natural

challenge to infection, such as an infectious mosquito

* Author for correspondence : Dr C. J. Struchiner, IMS/UERJ and
Escola Nacional de Saúde Pública, Fundação Oswaldo Cruz, Riode
Janeiro, RJ 21041, Brazil.
(Email : stru@procc.fiocruz.br)

Epidemiol. Infect. (2007), 135, 181–194. f 2006 Cambridge University Press

doi:10.1017/S0950268806006716 Printed in the United Kingdom
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Measure of intervention efficacy
In the lab:

In the field:

V, E, PE
KC, UC

NV, E,PE
KC, UC

V, E?, PE?
KC, UC

NV, E?, PE?
KC, UC

# of cases # of cases

# of cases # of cases

V, NV - treatment (vaccination)
E, PE - transmission level, previous exp
KC, UC - known and unknown covaritates
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DAG: RCT and challenge

 

 

 

A    Et        Et+1    Yt+2     

 

        U     

Yt+1 

Causal diagram for a double-blind randomized trial of a Chlamydia vaccine A and Chlamydia infection Y.
E (FoI) represents exposure to infection and U unmeasured risk factors for infection. The subscripts

denote time period. For simplicity, only two time periods are shown (O’Hagan, 2013).

selection bias (conditioning on a collider): A→ Yt+1 ← U → Yt+2
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DAG: RCT, challenge and confounding

 

 

 

A    Et        Et+1    Yt+2     

 

        U     

Yt+1 

Causal diagram for a double-blind randomized trial of a Chlamydia vaccine A and Chlamydia infection Y. E
represents exposure to infection and U unmeasured risk factors for infection. The subscripts denote time
period. For simplicity, only two time periods are shown. Risk factors U affect exposure E (O’Hagan, 2013).

The per-exposure effect is a joint effect of A and Et and therefore, its unbiased estimation requires no
unmeasured confounding for the effect of both A and Et at all times t .

confounding due to U for the effect of Et on Yt+1.
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DAG: RCT, challenge, and time-dependent
confounding and efficacy

A0 E0 Y1

U0

A1 E1

U1

Y2 At Et Yt+1

Ut

Causal diagram for a double-blind randomized trial of vaccine A and infection Y. E represents exposure to

infection and U unmeasured risk factors for infection. The subscripts denote time period. Risk factors U

affect exposure E, VE is time-dependent (red arrows) and risk factors U are no longer indepedent of A

(green arrows) since randomization takes place at time zero (modified from O’Hagan, 2014).
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