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Clinical Outcomes Of A COVID-19
Vaccine: Implementation Over
Efficacy

ABSTRACT The global effort to develop a coronavirus disease 2019 (COVID-
19) vaccine is on track to produce one or more authorized vaccines. We
examine how different definitions and thresholds of vaccine efficacy,
coupled with different levels of implementation effectiveness and
background epidemic severity, translate into outcomes including
cumulative infections, hospitalizations, and deaths. Using a mathematical
simulation of vaccination, we find that factors related to implementation
will contribute more to the success of vaccination programs than a
vaccine’s efficacy as determined in clinical trials. The benefits of a vaccine
will decline substantially in the event of manufacturing or deployment
delays, significant vaccine hesitancy, or greater epidemic severity. Our
findings demonstrate the urgent need for health officials to invest greater
financial resources and attention to vaccine production and distribution
programs, to redouble efforts to promote public confidence in COVID-19
vaccines, and to encourage continued adherence to other mitigation
approaches, even after a vaccine becomes available.

F
rom the earliest stages of the corona-
virus disease 2019 (COVID-19) pan-
demic, the development of safe and
effective vaccines against severe
acute respiratory syndrome corona-

virus-2 (SARS-CoV-2), the viral cause of COVID-
19, has been widely considered an essential com-
ponent of any strategy to control the virus, the
disease, and its effects. Since the publication of
the SARS-CoV-2 viral sequence January 10,
2020, an unprecedented global collaboration
among governments, vaccine manufacturers,
and researchers has been mounted to develop
COVID-19 vaccines.1

In the United States this work is supported
through billions of dollars in public investment
and new entities such as Operation Warp Speed
and the Accelerating COVID-19 Therapeutic In-
terventions and Vaccines public-private partner-
ship.2 Global coordination of vaccine research
and development is provided by the Coalition

for Epidemic Preparedness and Innovation
(CEPI);Gavi, theVaccineAlliance; and theWorld
Health Organization (WHO).3 According to
CEPI, 321 COVID-19 vaccine candidates were in
development worldwide as of September 2020.4

Of those, as of November 2020, more than fifty
had progressed to clinical testing in humans,
eleven of which were in Phase III clinical trials—
the large-scale population-based testing capable
of producing the safety and efficacy evidence
required for regulatory approval.5 As of early
November 2020 four Phase III COVID-19 vaccine
clinical trials were under way in the United
States, with preliminary results likely to bemade
available in the coming months and more com-
plete results thereafter.6

Vaccine efficacy is a particularly critical out-
come to be measured in these trials and subse-
quently evaluated by regulatory bodies such as
the Food andDrug Administration (FDA) and its
international counterparts. In a June 2020 guid-
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ance document to vaccine manufacturers, the
FDA adopted a broad definition of vaccine effi-
cacy that encompasses both transmission effects
(that is, the ability of the vaccine to prevent the
spreadof SARS-CoV-2 froman infectedperson to
a susceptible person) and disease-modifying ef-
fects (that is, the ability of the vaccine to slow or
prevent progressionof illness, to speed recovery,
to decrease the use of critical care resources, or
to reduce mortality among people who have
been vaccinated but who nonetheless become
infected).7

Recognizing that vaccines can provide both
direct protection (reducing susceptibility among
the uninfected) and indirect protection (reduc-
ing viral spread in those who have been in-
fected), the FDA guidance recommended both
a transmission endpoint (confirmed SARS-
CoV-2 infection with one or more COVID-19
symptoms) and a disease modification endpoint
(evaluating whether a COVID-19 vaccine pre-
vents severe disease among people who become
infected).7,8 Regardless of how a manufacturer
defined its efficacy endpoint, the FDA also estab-
lished a minimum efficacy threshold, specifying
a primary efficacy endpoint point estimate of at
least 50 percent to ensure—in FDA’s view—that a
widely deployed COVID-19 vaccine is effective.7

These definitions and thresholds are highly
consequential, yet the FDA guidance document
provides no justifications for either. The 50 per-
cent efficacy threshold most closely resembles
the typical effectiveness of vaccines against in-
fluenza, which is a less transmissible, morbid,
and lethal disease than COVID-19.9,10 It is also a
considerably lower efficacy standard than that
for virtually all other approved and widely used
vaccines.11 But in the context of a global pandem-
ic with ruinous economic and public health
consequences, the FDA’s 50 percent threshold
raises the following questions: Might policy
makers settle for a vaccine with more modest
effects, and if so, howmodest? Conversely, what
infection and mortality benefits could policy
makers anticipate if recent, preliminary reports
of vaccines with 90 percent efficacy are con-
firmed?12,13 Would a vaccine that has a limited
impact on transmissionbut significantly reduces
progression from infection to severe disease be
acceptable—or even preferable? How might pol-
icy makers compare such a vaccine with one that
lowers susceptibility to infection but has no im-
pact on disease progression?
Recent work demonstrates that dramatically

different epidemic trajectories result from
changing assumptions about the strength and
duration of adaptive immune response to
SARS-CoV-2 and its interaction with vaccines
and nonpharmaceutical interventions of varying

efficacy.14 Yet these biological factors—including
vaccine efficacy as demonstrated through clini-
cal trials—are only some of the many influences
whose complex interaction will determine the
real-world effectiveness of COVID-19 vaccination
and its ability to alter the trajectory of the pan-
demic. How well a vaccine program “works” will
also depend on how quickly it can be manufac-
tured, how efficiently it can be distributed to
locations ingreatestneed,howpersuasivehealth
messaging can be in promoting public accep-
tance, and how consistently the public can ad-
here to the many complementary prevention
strategies (for example, masks, hand washing,
distancing) to limit the spread of the virus.
We sought to understand the interplay be-

tween these parallel considerations related to
COVID-19 vaccines and vaccination: vaccine effi-
cacy as determined through clinical testing and
the design and execution of vaccination pro-
grams that follow. Specifically, we asked how
vaccine-related changes in susceptibility to infec-
tion, progression of disease, and severity of ill-
ness might translate into population outcomes
of interest such as cumulative infections, hospi-
talizations, and deaths. We explored how those
downstream outcomes might vary in the face of
alternative operational assumptions (for exam-
ple, the pace of scale-up and the degree of public
acceptance) and changes in the epidemiological
context.We consider the implications of our re-
sults for ongoing efforts to hasten the develop-
ment and deployment of COVID-19 vaccines in
the months ahead.

Study Data And Methods
Study Design We used a simple mathematical
model to estimate the population benefits of
a vaccine against COVID-19.We considered vac-
cines with varying degrees of preventive benefit
(transmission effect) and disease-modifying
benefit (progression and mortality effect). We
considered different assumptions regarding the
speed of manufacturing/distribution (pace) and
the extent of vaccine delivery (coverage)—two
implementation parameters that are indepen-
dent of vaccine clinical trial results.We also con-
sidered different background epidemic severi-
ties, as measured by the reproduction number
(Rt). Outcomes of interest—including total in-
fections, deaths, and peak hospital or intensive
care unit (ICU) use—were reported both on an
absolute basis and as a percentage reduction
from a “no vaccination” scenario during a six-
month planning horizon.We initialized the sim-
ulationwith apopulation sizeof 100,000people,
of whom 100 (0.1 percent) were exposed and
9,000 (9 percent) were recovered cases.15 The
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model was implemented as a spreadsheet and
parameterized and validated using population-
average data inputs (see online appendix ex-
hibit 1).16

Compartmental Model The SEIR (suscepti-
ble-exposed-infectious-recovered) model is one
of the simplest deterministic, mathematical
frameworks for portraying the trajectory of an
infectious disease through an at-risk population.
Briefly stated, the SEIR framework treats the
process of viral transmission and disease pro-
gression as a sequence of transitions among a
finite number of health states (or “compart-
ments”). Transitions are governed bymathemat-
ical equations that capture both the transmis-
sion dynamics of the virus and what is known
about the natural history of disease.
We adapted the classic SEIR framework in two

important ways (appendix exhibit 4).16 First, we
divided the “infected” compartment into four
distinct subcompartments to capture the in-
creasing severity and resource use associated
with more advanced COVID-19 disease: “asymp-
tomatic,” “mild” (outpatient), “severe” (hospi-
talized), and “critical” (hospitalized in an
ICU). Second, we introduced the possibility of
vaccination by creating a parallel set of compart-
ments to theonesdescribedabove. People receiv-
ing the vaccine moved from the “susceptible un-
vaccinated” state to the “susceptible vaccinated”
state. From there, their progress to exposure,
infection, recovery, and death was adjusted to
reflect the transmission and disease-modifying
benefits of the vaccine.Thismodelingdevice also
permitted us to adjust the infectiousness of peo-
ple who received an imperfect vaccine but who
nevertheless became infected (that is, break-
through infections).
Vaccine Efficacy To capture the broad defi-

nition of vaccine efficacy in the FDA’s June 2020
guidance, we considered three different vaccine
types (appendix exhibit 2)16: a preventive vaccine
that decreases susceptibility to infection in un-
infected people; a disease-modifying vaccine
that improves the course of disease in infected
people, slowing progression, speeding recovery,
reducing mortality, and decreasing infectious-
ness; and finally, a composite vaccine that com-
bines the attributes of both the preventive and
disease-modifying vaccines. We set the efficacy
for each of these attributes at 50 percent in the
base case and examined ranges of 25–75 percent
in sensitivity analysis. (For the recovery rate in-
crease, the base-case value was 100 percent [that
is, cutting recovery time in half] with a range of
75–150 percent.) We considered lag times be-
tween vaccine administration and when effects
takehold ranging fromfourteendays (represent-
ing a fast-acting, single-dose vaccine) to thirty

days in the base case (representing a two-dose
vaccine with administration thirty days apart
and partial efficacy after the first dose) and for-
ty-two days (representing a two-dose vaccine
with no efficacy after the first dose).17,18

Implementation Effectiveness The chal-
lenges of vaccine development do not end once
an effective vaccine is identified. The model in-
cludes two implementation measures: pace and
coverage. Pace, the percentage of the population
that could be vaccinated on a given day, is a
measure of manufacturing and logistical pre-
paredness. We assumed a base-case value of
0.5 percent for the pace parameter to approxi-
mate the daily rate of influenza vaccination in
the US during the peak period of vaccination
efforts each fall.19 This reflects our assumption
that although aCOVID-19 vaccinemayneed to be
administered in two doses, the urgency of the
pandemicmayprompt sponsors tobringproduc-
tion and distribution to scale at twice the rate of
the influenza vaccine. Given the uncertainty sur-
rounding these assumptions, we considered al-
ternative values ranging from 0.1 percent to
2 percent in sensitivity analysis.We defined cov-
erage as the percentage of the population ulti-
mately vaccinated—a measure of public accep-
tance and the success of public health efforts
to make vaccines available to all who desire
them. We used a base-case value of 50 percent
(range, 25–75 percent), reflecting recent US
polling data on vaccine acceptability.20 At a daily
pace of 0.5 percent, it would take 0.5/0.005 =
100 days to achieve a 50 percent coverage goal.
Epidemiology And Natural History We de-

fined three epidemic severity scenarios: a base
case with a reproduction number (Rt) of 1.8, a
best case (Rt = 1.5) representing strict adherence
to social distancing and other preventive best
practices, and a worst case (Rt = 2.1) reflecting
the higher risks associated with winter weather
andgreater indoor activity.Wealso report results
for Rt = 1.2 in the appendix.16

Input data on the development and natural
history of COVID-19 (including incubation

The challenges of
vaccine development
do not end once an
effective vaccine is
identified.
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times; likelihood of symptoms; and rates of pro-
gression, recovery, and fatality) were obtained
primarily frommodeling guidance issued by the
Centers for Disease Control and Prevention
(CDC) and the Office of the Assistant Secretary
for Preparedness and Response in the Depart-
ment of Health and Human Services, supple-
mented by published literature.21 We attempted
to use the most current input data available.
However, as clinical care and outcomes improve,
as testing services magnify, and as the COVID-19
pandemic expands its demographic reach, our
analysis will require adjustment and updating.
Specifically, hospitalization and mortality rates
are improving as the pandemic is controlled
among the elderly and extends its reach to youn-
ger populations. Recognizing how quickly these
statistics are evolving, we deliberately focused
our attention in this analysis on infections,
not deaths.
Appendix exhibit 1 documents all inputs and

sources.16

Limitations Similar to any model-based anal-
ysis, our evaluation has important methodologi-
cal limitations. First, we assumed a model of
homogenous mixing. Although this simplified
the underlying mathematics, recent evidence
suggests that spikes in local positivity—and the
resultant protective immunity—may be attribut-
able to spatially correlated, small group gather-
ings. Vaccine hesitancy may also vary by setting
and other demographics. Future refinements
might consider more complex geospatial or age-
based mixing assumptions.
Second, we did not stratify vaccine deploy-

ment or coverage scenarios across different at-
risk and vulnerable populations, as suggested
recently by the National Academies of Sciences,
Engineering, andMedicine’s Framework for Eq-
uitable Allocation of COVID-19 Vaccine.22 To
some extent, sensitivity analyses on Rt might

serve as a surrogate for a stratified assessment
of outcomes across communities with different
epidemic severities. Furthermore, our frame-
work did not allow for differential prioritization
or uptake among groups at higher risk for hos-
pitalization and death. Published data used to
populate the model were necessarily taken from
early in the pandemic course. Additional evi-
dence (for example, age-adjusted outcomes,
new strategies for COVID-19 clinical care, geo-
graphic case clustering, and patterns of vaccine
hesitancy and acceptance among thepublic)may
permit the model to be stratified by age or other
dimensions and updated for risk for complica-
tions and death at the individual level.23

Third, we assumed constant rates of transition
from one model compartment to the next. This
produced exponentially distributed residence
times—time spent in a given state can be quite
long, even if the mean duration is short—and
could have biased the analysis against preven-
tion and in favor of rapid implementation. As
better data on the natural history of disease
emerge, it may be possible to address the prob-
lem using multiple sequential compartments.
Finally, our base-case analysis restricted atten-

tion to a six-month horizon. Although we also
report projections over the course of twelve
months, this should be interpretedwith caution,
as waning immunity after disease and vaccine
durability remain ongoing concerns.24

A comprehensive description of the model, its
parameters, governing equations, and input
data values is in the appendix.16

Study Results
Base Case In a population of 100,000 and at
a baseline reproduction number (Rt) of 1.8,
the model projects 61,112 infections and 2,725
cumulative deaths over the course of six months
without a vaccine. Introducing preventive, dis-
ease-modifying, and composite vaccines at base-
line efficacy levels would result in 42,583,
39,767, and 31,625 cumulative infections and
1,896, 1,318, and 1,199 cumulative deaths, re-
spectively (exhibit 1). Across all values of Rt, a
50 percent effective disease-modifying vaccine
would have a greater impact on mortality and
peak hospitalizations than a 50 percent effective
preventive vaccine. The impact of both vaccines
on total infections would be similar in a high-
severity epidemic (Rt = 2.1), but the disease-
modifying vaccine would have a more pro-
nounced impact on total infections in a lower-
severity epidemic (Rt = 1.8 and 1.5). The 50 per-
cent effective composite vaccine, which com-
bines the attributes of both the preventive and
disease-modifying vaccines, would have the best

The effectiveness of a
COVID-19 vaccine will
be shaped by the
success or failure of
efforts to deliver a
trusted vaccine
quickly to the public.
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overall performance. However, its impact would
be much less than the sum of the impacts of the
other two vaccine types combined.
Sensitivity To Vaccine Efficacy To explore

different possible clinical trial outcomes, we set
vaccine efficacy variables to 25 percent, 50 per-
cent, and 75 percent while holding all program
implementation parameters constant (exhib-
it 2).We considered two implementation scenar-
ios: a base case (scenario A) with pace at 0.5 per-
cent and coverage at 50 percent, and more
aggressive implementation (scenario B) with
pace at 1 percent and coverage at 90 percent.
Greater vaccine efficacy always producedmore

favorable outcomes. In the case of preventive
vaccines, the returns to increased efficacy were
close to constant. For example, under base-case
implementation assumptions (exhibit 2, scenar-
io A) and Rt = 1.8, the incremental contribution
to infections and to deaths averted from a pre-
ventive vaccine with efficacy of 25 percent,
50 percent, and 75 percent were 14 percent,
17 percent, and 17 percent and 14 percent, 17 per-
cent, and 17 percent, respectively (see appendix
exhibit 5 for results on deaths averted).16 Results
with vaccine efficacy as high as 90 percent follow
similar trends (see appendix exhibit 6).16 In con-
trast, thereweremarkedly diminishingmarginal
returns to increased efficacy using disease-
modifying and composite vaccines; these vac-
cines attained much of their full potential effect
on outcomes at efficacy level 25 percent. For
example, under the aggressive implementation

scenario (exhibit 2, scenario B)withRt = 1.8, the
incremental infections averted from a disease-
modifying vaccine with efficacy 25 percent,
50 percent, and 75 percent were 40 percent,
22 percent, and 9 percent and incremental con-
tribution to deaths averted was 62 percent,
15 percent, and 5 percent (appendix exhibits 5
and 6).16

Exhibit 2 illustrates that the potential benefits
of even the most optimistically effective vaccine
are diminished if it is introduced into a more
severe pandemic. For all three vaccine types, a
75 percent effective vaccine implemented in a
population whereRt = 2.1 averted a smaller pro-
portion of infections and deaths than a 25 per-
cent effective vaccine implemented under less
severe pandemic conditions (Rt = 1.5). The fig-
ure also illustrates that vaccination programs
that confer higher levels of protection—even if
for a smaller fraction of the target population—
generally outperform strategies that confer low-
er protection on a broader population. For exam-
ple, a 75 percent effective vaccine administered
to 50 percent of the population bettered a 25 per-
cent effective vaccine given to 90 percent. The
findingspresentedherepersisted forRt = 1.2, for
time horizons extending to twelve months, and
for efficacy delays ranging from fourteen to for-
ty-two days (see appendix exhibits 7A, 7B, 8A,
and 8B).16

Exhibit 2 also illustrates themodest superiori-
ty of the composite vaccine. Although it achieved
the greatest reduction in infections for any

Exhibit 1

Output table for three SARS-CoV-2 vaccine types at six months with infections and deaths and three different reproduction numbers (Rt) (thirty-day delay
to vaccine efficacy)

Preventive vaccine Disease-modifying vaccine Composite vaccine

Vaccinated Vaccinated Vaccinated

No vaccine Total No Yes Total No Yes Total No Yes
Rt = 1.5
Total vaccinations 0 45,450 0 45,450 45,450 0 45,450 45,450 0 45,450
Total infections 39,685 15,985 12,641 3,344 12,894 9,182 3,712 9,348 7,912 1,436
Cumulative deaths 1,603 678 545 133 418 407 11 359 355 4
Peak hospitalizations 841 291 —

a
—

a 189 —
a

—
a 169 —

a
—

a

Rt = 1.8
Total vaccinations 0 45,015 0 45,015 45,450 0 45,450 45,450 0 45,450
Total infections 61,112 42,583 34,074 8,509 39,767 28,639 11,128 31,625 26,338 5,287
Cumulative deaths 2,725 1,896 1,525 371 1,318 1,285 33 1,199 1,183 16
Peak hospitalizations 1,780 1,120 —

a
—

a 804 —
a

—
a 731 —

a
—

a

Rt = 2.1
Total vaccinations 0 35,761 0 35,761 37,433 0 37,433 38,092 0 38,092
Total infections 71,199 59,064 49,325 9,739 59,142 45,553 13,588 51,652 44,102 7,551
Cumulative deaths 3,205 2,659 2,222 437 2,094 2,053 41 2,011 1,988 23
Peak hospitalizations 2,661 2,092 —

a
—

a 1,702 —
a

—
a 1,622 —

a
—

a

SOURCE Authors’ assumptions. aNot applicable.
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combination of pace and coverage, its impact
was much less than the sum of the infections
averted by the preventive and disease-modifying
vaccines.

Sensitivity To Implementation Effective-
ness To understand how imperfect implementa-
tion might affect vaccination program success,
we held the vaccine efficacy parameter at its base
value (50percent) and simultaneously varied the
two program uptake parameters, pace and cov-
erage (exhibits 3–5). With Rt = 1.8 (exhibit 3),
a disease-modifying vaccine that attained even
90 percent coverage only averted 6 percent of
infections at a pace of 0.1 percent; that same
vaccine averted only 11 percent of infections at
coverage 10percent, evenwhen it attained a pace
of 2.0 percent. Bringing both coverage and pace
up to their base case levels (50 percent and
0.5 percent) averted 35 percent of infections
(see black outlined cells in the figure). The ob-

served pattern persisted for Rt = 1.5 (exhibit 4)
and Rt = 2.1 (exhibit 5). It was also observed
across all vaccine types (appendix exhibit 9A)
and all lag-time assumptions (appendix exhib-
its 9B and 9C).16 Sufficient pace and coverage
function as complements, not substitutes, and
both are necessary for a vaccination program to
produce large reductions in infections.Highper-
formance on one implementation measure can-
not fully compensate for low performance on
the other.
The impact of a vaccine dissipates dramatically

as the severity of the epidemic (that is, Rt) in-
creases. For example, a disease-modifying vac-
cine with 50 percent coverage and 1.0 percent
pace averted 82 percent, 58 percent, or 35 per-
cent of infections with Rt = 1.5, 1.8, or 2.1 (see
white outlined cells in exhibits 3–5). All other
things being held equal, the proportional power
of any vaccine to reduce infections, deaths, and

Exhibit 2

Total SARS-CoV-2 infections: sensitivity to vaccine type

SOURCE Authors’ model-generated results. NOTES This exhibit shows the fraction of infections averted with alternative vaccine types
(preventive, disease-modifying, and composite) and at different background epidemic severities, represented by increasing values of
the reproduction number (Rt). The different shades of each bar represent vaccine efficacies of 25 percent (darkest), 50 percent, and
75 percent (lightest). Scenario A represents an implementation scenario in which vaccination is scaled up in the population at 0.5 per-
cent per day (pace) with a maximum of 50 percent coverage. Scenario B represents an implementation scenario in which the vaccina-
tion pace is 1 percent per day with 90 percent coverage.
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peak hospitalizationwas greatest at lower values
of Rt.
Although shorter efficacy lag times invariably

resulted inmore favorable vaccine outcomes, the
qualitative findings highlightedhere for the thir-
ty-day efficacy lag were similar to those for vac-
cines with efficacy lags of fourteen and forty-two
days (appendix exhibits 9B and 9C).16

The results of additional sensitivity analysis
are reported in the appendix.16

Discussion
Our results demonstrate that the benefits of any
COVID-19 vaccine, whether highly, moderately,
or modestly efficacious by any trial-defined out-
come,will dependat least asmuchonhowswiftly
and broadly it is implemented and the epidemi-
ological environment into which it is introduced
as it will on the vaccine’s physiological proper-
ties, as shown through clinical trials. Although
these latter vaccine-specific characteristics are
fixed, the medical, public health, and govern-
ment communities can productively intervene
with respect to the contextual considerations
that would increase the benefits of a vaccine up-

on its introduction.
First, the effects of any COVID-19 vaccine are

highly dependent on the effective reproductive
number of the virus (Rt) at the time a vaccine is
deployed. In our model,Rt functions in part as a
proxy for the success of efforts to promote wide-
spread, sustained adherence to risk mitigation
strategies such as masking, physical distancing,
and limitations on large gatherings.25WhenRt is
comparatively low (1.5), indicating that viral cir-
culation is being controlled through these non-
pharmaceutical measures, vaccines with low ef-
ficacy (25 percent) are capable of producing
larger reductions in the fraction of infections
and deaths than vaccines with much higher effi-
cacy (75 percent) that are introduced at times
when Rt is significantly higher (2.1). Further-
more, the additional benefit of a vaccine with
25 percent versus 75 percent efficacy very much
depends on the background Rt; in cases of out-
breakcontrol (Rt≤1.5), a vaccinewith25percent
efficacy might well have a substantive impact.
Even the effects of a vaccine with 90–95 percent
efficacy, as Pfizer/BioNTech and Moderna have
characterized the performance of their vaccines
in preliminary press statements, relies heavily

Exhibit 3

Total SARS-CoV-2 infections: sensitivity to implementation factors, Rt = 1.8

SOURCE Authors’ model-generated results. NOTES This heat map depicts the performance of a disease-modifying vaccine at baseline
efficacy (50 percent) with a background epidemic severity level of reproduction number (Rt) = 1.8. The figure considers a range of
vaccination coverage levels (horizontal axis, 10–90 percent) and scale-up paces (vertical axis, 0.1–2 percent per day). The color spec-
trum represents the proportion of infections averted: green averts the greatest number of infections and red the smallest number.
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on the background Rt at the time of its intro-
duction.12,13

The complexity of infectious disease transmis-
sion dynamics accounts for what may be a coun-
terintuitive result—one that goes against the
usual finding in clinical needs assessment that
efforts should be targetedwhere severity is great-
est. For a highly infectious disease, even a vac-
cine with seemingly adequate efficacy, pace, and
coverage may be insufficient to alter the funda-
mental population dynamics that produce high
disease prevalence. Mathematical modeling has
shown that differences in steady-state preva-
lence and the marginal steady-state impact of
vaccine effectiveness are typically inversely pro-
portional to the reproduction number.26 The
same is true in prevention interventions such
as syringe exchange, which is more effective
against HIV than against hepatitis C, given dif-
ferences in Rt.

27

Managing and reducing Rt requires a sus-
tained commitment to the public health practic-
es and tools known to reduce the spread of
COVID-19. Investment in theseactivities remains
imperative not simply until the arrival of a vac-
cine but throughout the likely prolonged period

during which a vaccine is being deployed.
Second, our results show that the effectiveness

of a COVID-19 vaccine will be shaped by the suc-
cess or failure of efforts to deliver a trusted
vaccine quickly to the public. The pace of
vaccination—how quickly the vaccine is
introduced—will be determined by a combina-
tionofmanufacturing capacity, the development
of distribution systems and infrastructure, the
creation of mass vaccination clinics in diverse
locations, and related logistical considerations.
The vaccine benefit also depends on how many
doses are required. Most vaccines currently in
large-scale clinical trials are two-dose series,
including those from Pfizer/BioNTech and
Moderna most likely to be authorized first.5 A
two-dose vaccine that takes twenty-eight to forty-
two days to achieve efficacy, where maximum
efficacy may be reached during the coming win-
ter months with a higher Rt, should be expected
to have diminished impact when compared with
aone-dose vaccinewithonly a fourteen-daydelay
to efficacy.
Vaccination coverage—the percentage of the

population that ultimately receives a vaccine—
is dependent on efforts that foster widespread

Exhibit 4

Total SARS-CoV-2 infections: sensitivity to implementation factors, Rt = 1.5

SOURCE Authors’ model-generated results. NOTES This heat map depicts the performance of a disease-modifying vaccine at baseline
efficacy (50 percent) with a background epidemic severity level of reproduction number (Rt) = 1.5. The figure considers a range of
vaccination coverage levels (horizontal axis, 10–90 percent) and scale-up paces (vertical axis, 0.1–2 percent per day). The color spec-
trum represents the proportion of infections averted: green averts the greatest number of infections and red the smallest number.
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public enthusiasm for vaccination and address
sources of hesitancy for vaccines in general
and COVID-19 vaccines in particular.28,29 It
also requires efforts to ensure that vaccines are
accessible to all communities, particularly un-
derserved groups for which long-standing dis-
parities in vaccination coverage have been ob-
served.30,31 This includes racial and ethnic
minority groups, among whom the effects of
COVID-19 have been disproportionately felt.32,33

Delivering the vaccine to as many people as pos-
sible as quickly as possible can result in large
reductions in infections and death, even at
higherRt. Conversely, a slow pace of vaccination
or low vaccination coverage dramatically re-
duces the benefits of vaccines even with moder-
ate or high efficacy.
Some of the activities associated with acceler-

ating vaccine production, distribution, and
deployment, such as the advancemanufacturing
of vaccine doses while clinical trials remain un-
der way and planning for robust postauthoriza-
tion vaccine safety monitoring, have received
considerable attention and investment fromOp-
eration Warp Speed and various federal agen-
cies. But many other components of vaccination

planning are at much earlier stages of develop-
ment, even as vaccines rapidly approach poten-
tial FDA authorization and as mass vaccination
efforts are expected to begin virtually immedi-
ately thereafter. Among the issues forwhich con-
siderablework remains are thedetaileddesignof
what will be exceedingly complex and unprece-
dented vaccine supply-chain strengthening and
distribution activities in communities (for exam-
ple, medical records and lot documentation to
track dual-dose vaccine administrations and in-
vestments in ultra-low-temperature cold-chain
capacity) and companion culturally sensitive
and evidence-based communication to promote
vaccine acceptance and convey the continued
need for other prevention practices even after
a vaccine becomes available.
State and local health officials expected to de-

sign and carry out much of the on-the-ground
work related to COVID-19 vaccination have stat-
ed since spring 2020 that they lack sufficient
funds to do so successfully.34,35 In Septem-
ber 2020 the CDC director concurred, telling
Congress that an additional $6 billion in federal
funding to states was required for their role
in vaccine distribution and related public out-

Exhibit 5

Total SARS-CoV-2 infections: sensitivity to implementation factors, Rt = 2.1

SOURCE Authors’ model-generated results. NOTES This heat map depicts the performance of a disease-modifying vaccine at baseline
efficacy (50 percent) with a background epidemic severity level of reproduction number (Rt) = 2.1. The figure considers a range of
vaccination coverage levels (horizontal axis, 10–90 percent) and scale-up paces (vertical axis, 0.1–2 percent per day). The color spec-
trum represents the proportion of infections averted: green averts the greatest number of infections and red the smallest number.
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reach.36 The need for those funds—an amount
representing only half of the approximately
$12 billion committed to COVID-19 vaccine de-
velopment to date—was disputed by other feder-
al health officials, andCongress hadnot acted on
this request as of early November 2020.37

Overall, our results suggest that the significant
public optimism regarding the potential value of
vaccines in reducing the burden of COVID-19 is
warranted, even if vaccines in development are
shown to be only moderately efficacious. Not
surprisingly, vaccine-associated benefits in-
crease with greater levels of efficacy against in-
fection, infectiousness, disease progression, and
mortality.Butevenvaccinesbelowthe50percent
efficacy threshold established in the June 2020
FDA guidance document could make valuable
contributions to COVID-19 prevention and re-
sponse.
But the efficacy of the COVID-19 vaccines cur-

rently being studied in Phase III trials and soon

to be reviewed by the FDA, although important,
will be only one contributor to the overall effec-
tiveness of the vaccination programs of which
theymay eventually be part. Theultimate success
of COVID-19 vaccination efforts will depend on
embracing a wide range of vaccine efficacy pro-
files at the time of authorization or approval,
managing expectations regarding how a vaccine
will contribute to public health responses in
tandem with the continued use of nonpharma-
ceutical interventions, and investing substan-
tially and rapidly in efforts to rapidly deliver
vaccines to as large a portion of the population
aspossible and toquickly identify and respond to
sources of vaccine hesitancy. Such a strategy
would maximize the individual and population
benefits of any authorized or approved COVID-
19 vaccines and increase the likelihood that they
approach the very high expectations placed on
them. ▪
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