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CONTEXT. Recent anthrax attacks in the United States have raised concern about the
nation’s vulnerability to a smallpox attack. Many strategies have been suggested to
minimize the impact of such an attack, ranging from quarantine and vaccination of
case contacts to resumption of routine vaccination. Before the latter strategy is adopt-
ed, an understanding of the likely consequences of mass vaccination is essential.

couNT. Number of adverse events resulting from two vaccination campaigns: vacci-
nating persons 1 to 29 years of age and vaccinating those 1 to 65 years of age.

caLcuLATioN. Number of adverse events = incidence rate of adverse events X number
vaccinated. We assumed 75% vaccine uptake in the target group (i.c., we estimated
that about 25% of potential vaccine recipients would be excluded because they are, or
have close contact with, individuals who have eczema or are immunocompromised).

DATA soURCE. Historical data on the incidence of adverse events from smallpox vac-
cination were identified by a literature search. Number vaccinated was drawn from
the January 2000 U.S. Census estimate.

RESULTS. Fever (<1 case per 5 vaccine recipients) and rash (<1 case per 100 vaccine
recipients) would be the most common adverse events. Serious adverse events,
including encephalitis (<3 cases per million) and death (<2 cases per million),
although rare, would be more common than with other currently recommended vac-
cines. After excluding high-risk individuals and their contacts, we estimate that a
vaccination strategy directed at people aged 1 to 29 years would result in approxi-
mately 1600 serious adverse events and 190 deaths. Vaccinating people aged 1 to 65
years would result in approximately 4600 serious adverse events and 285 deaths.

LimiTaTions. While advances in health care over the past three decades could mitigate
vaccine complications, the increased number of unimmunized high-risk individuals
(e.g., those with eczema or immune suppression) could increase complication rates.

concLusions. The decision to resume smallpox vaccination depends on weighing the
likelihood of a smallpox attack and its anticipated mortality against expected harm
from a mass immunization program. Smallpox vaccine has a higher complication
rate than any other vaccine currently being used. Careful prevaccination exclusion of
high-risk individuals and their close contacts would be essential to minimize com-
plications of a mass vaccination campaign, although such exclusions necessarily mean
that some proportion of the population will remain susceptible to smallpox.

See related editorial on
pages 98-99.
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he events of September 11,2001, and the subsequent anthrax attacks have raised
concern about the possibility of a bioterrorist smallpox attack. In the United
States, routine smallpox vaccination was stopped in 1972—8 years before global
eradication of smallpox was declared.! Routine vaccination was discontinued when
it was judged that the risk for serious adverse events from vaccination, including
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encephalitis and death, outweighed the low risk for
infection in a well-vaccinated population with minimal
potential exposure to smallpox.” This decision was bol-
stered by effective smallpox eradication efforts, includ-
ing “ring vaccination,” where cases are quarantined and
persons with possible exposure are vaccinated.!

Vaccination against smallpox (variola) is achieved
through inoculation with the live cowpox (vaccinia) virus.
The effectiveness of cowpox to protect against smallpox
has been widely recognized since the 18th century, when
Edward Jenner published his work establishing smallpox
as the first disease preventable through immunization.!
Before 1972, children in the United States were routinely
vaccinated after 1 year of age to minimize the higher risk
for vaccine-associated encephalitis in infants.®

In a susceptible community such as the United
States today, as few as 10 cases of smallpox would rapidly
lead to a major epidemic if no control measures were
implemented. Such an epidemic would be devastating
given the smallpox case-fatality rate of 30%." In this light,
it is not surprising that a recent poll found that half of
U.S. adults would seek vaccination against smallpox if the
vaccine were available’ Although current supplies of
smallpox vaccine are insufficient to allow resumed uni-
versal vaccination, the government recently awarded a
contract to build the stock pile of smallpox vaccine to more
than 200 million doses by the end of 2002.° This new vac-
cine will be produced by using cell culture techniques
instead of producing the virus in animal (cow) hosts.”

In the event of a smallpox attack, current plans call
for ring vaccination.” However, as more vaccine doses
become available, the debate over whether to resume
routine vaccination will grow. The decision to pursue
universal smallpox vaccination will depend on several
factors, including the probability of smallpox attack, the
effectiveness of universal immunization compared with
ring vaccination, and the expected harm of vaccination.

To estimate the potential harm of vaccination, we
calculated the number of expected adverse events in a
mass vaccination campaign. We considered two possible
vaccination campaigns: 1) vaccinating individuals 1 to 29
years of age (i.e., those born after 1972 when routine vac-
cination was stopped) and 2) vaccinating all individuals
1 to 65 years of age (because there is doubt that immuni-
ty lasts 30 years after vaccination).

Methods

Adverse Events

We focused on eight adverse events associated with
smallpox vaccination (Table 1). Of these, postvaccinial
encephalitis, progressive vaccinia, fetal vaccinia, and
eczema vaccinatum are the most serious. Other possible
adverse events, including rash, fever, generalized vac-
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TABLE 1

Adverse Events Associated with Smallpox
Vaccination*

ADVERSE EVENT DESCRIPTION

Most serious

Postvaccinial
encephalitis

Similar to other postinfectious
encephalitides. May be fatal.
Survivors may be left with residual
paralysis or other central nervous
system symptoms. No known risk
factors other than young age.

Progressive
vaccinia

Progressive growth of vaccination
lesion without healing. Often fatal.
Occurs in immunocompromised
individuals.

Fetal vaccinia Passage of vaccinia to fetus may

lead to stillbirth.

Development of vaccinial lesions
over sites where there is or has
been eczema. May be fatal.

Eczema
vaccinatum

Less serious

Generalized Generalized rash caused by
vaccinia hematogenous spread of vaccinia.
No known risk factors. Usually
resolves with supportive care.
Accidental Vesicles develop distant to the vacci-
inoculation nation site as a result of direct con-
tact with vaccinia. Often occurs on
the genitalia or around the eye; lat-
ter exposure can lead to blindness.
Fever Common side effect.
Rash Nonspecific rashes, urticaria, and

erythema multiforme can occur
after vaccination.

* Information from Goldstein et al.’ and Henderson et al.”

cinia, and accidental inoculation, are usually, but not
always, self-limited (e.g., accidental inoculation of the
eyes may lead to blindness).

Among individuals at risk for complications from
smallpox vaccination, even those who are not immu-
nized, adverse events may develop upon exposure to
someone who was recently vaccinated. For example,
eczema vaccinatum is more severe among unvaccinated
individuals exposed to a vaccine recipient than among
recent vaccine recipients.® We consider these adverse
events to be indirect, in contrast to the direct adverse
events experienced by vaccine recipients themselves.

Mass Vaccination Campaigns

For both vaccination campaigns, we assumed that chil-
dren younger than 1 year of age would not be vaccinat-
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ed because of the greater incidence of adverse events in
infants.” We chose 65 years of age as the upper age limit
to balance the goal of vaccinating the entire public with
the desire to minimize potential side effects of adminis-
tering a live vaccine in the elderly (complications of viral
infections, such as shingles, increase with age).!

Excluding High-Risk Populations and Their
Potential Contacts

We assumed that individuals would be screened before
vaccination for risk factors, such as eczema, immuno-
deficiency, or pregnancy, in themselves or in their close
contacts. The prevalence of eczema and the number of
immunocompromised individuals have increased over
the past three decades. High-risk populations would be
excluded from vaccination, as would their potential con-
tacts, since recent vaccine recipients are “infectious” and
can transmit the virus (vaccinia).

Individuals with eczema are at high risk for devel-
oping eczema vaccinatum. The prevalence of eczema is at
least 10%, or more than 28 million people in the United
States.!! Immunocompromised persons are at high risk
for progressive vaccinia. We know of no overall estimate
for the number of immunocompromised individuals in
the United States. This number would include recipients
of organ transplants (184,000 solid-organ transplants in
the 1990s), individuals with diagnosed and undiagnosed
HIV infection or AIDS (850,000), and patients with can-
cer (approximately 8.5 million).”””!* We estimate, there-
fore, that in the entire U.S. population as many as 10 mil-
lion individuals (3.6%) may be at increased risk for
developing progressive vaccinia.

Therefore, approximately 15% of the population
may have increased risk for a direct adverse event after
smallpox vaccination. In addition to exclusion of these
individuals from vaccination, persons in close contact
with them should not be vaccinated to avoid inadvertent
transmission and subsequent indirect adverse events.
Close contacts would include, at minimum, household
members. Insufficient data are available to precisely esti-
mate the number of close contacts who would be exclud-
ed from a vaccination campaign. We estimate that
another 10% of the population would be excluded. On

the basis of the foregoing, we estimate that 25% of the
population would be excluded from vaccination because
of high risk or the possibility of coming in contact with
a high-risk individual.

Treating Complications with Immune Globulin

We also assumed that people who developed certain
complications would be treated with vaccinia immune
globulin (and that sufficient immune globulin would be
available in this hypothetical vaccination campaign).
Vaccinia immune globulin is recommended for progres-
sive vaccinia, eczema vaccinia, generalized vaccinia (if
this reaction appears to be toxic or if serious underlying
disease is present), or for accidental inoculation (if the
reaction appears to be toxic or in persons with periocu-
lar implantation).” °

Back-of-the-Envelope Calculation: Estimation of
Direct Adverse Events

We reviewed the literature to identify data on the inci-
dence of adverse events in primary vaccine recipients. To
minimize ascertainment bias, we searched for studies
that included strategies for case finding that did not
depend only on physician survey. We also searched for
data that stratified the incidence of adverse events by age.

We calculated the number of expected adverse
events by multiplying age-specific incidence rates by the
number of people in specific age categories (Figure 1). To
calculate direct risks, we assumed 75% uptake of the vac-
cine on the basis of our estimate of the number of indi-
viduals excluded because of high-risk for an adverse event
or because they have close contact with another high-risk
individual. We assume that persons receiving the vaccina-
tion for a second time would react as if it were their first
vaccination because of the long interval between vaccina-
tions (at least 30 years). Population data were drawn from
U.S. Census estimates for January 2000.1°

Results
Historical Data on Adverse Events

Few population-based studies are available on the inci-
dence of adverse events from smallpox vaccination. The

FIGURE 1. Back-of-the-envelope calculation
of the number of direct adverse events after
smallpox vaccination.

Namber 0f Adverse Loents = Fick fw‘ Adverse Lvents X Mumber Vaceiated

Namber Vaceiated = Fapubation X 0.75 aptake
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earliest identifiable report that met our criteria was from a
1947 mass vaccination campaign in New York."” The inci-
dence of fatal postvaccinial encephalitis was estimated to
be 1 case per 1 million persons. However, the data pre-
sented are of limited value because of differences in disease
classification and inconsistency in case-finding efforts.

In 1968, researchers attempted to identify all U.S.
cases of serious adverse events after smallpox vaccina-
tion.!® Cases were identified through multiple sources,
including local epidemiologists and tracking use of vac-
cinia immune globulin. Incidence rates were calculated
by comparing the number of reported adverse events to
estimates of the number vaccinated from the National
Immunization Survey. This study provides the highest-
quality evidence for serious adverse events after smallpox
vaccination, and it has become the principal reference for
smallpox experts and national public health authorities.” 1
Because of the high rates of previous smallpox vaccina-
tion in the 1960s among adults, only 288,000 adults 20
years of age and older were vaccinated in 1968. No fatal
outcomes were reported for this group. For our calcula-
tions, we assume that the mortality rate for persons 20
years of age and older would be 1 case per million, the
overall mortality rate for those vaccinated in 1968.
Because the risk for postvaccinial encephalitis decreases
with age, we assumed that the mortality would result
principally from progressive vaccinia. Rare adverse

TABLE 2

events may be underestimated because of the relatively
low number of adult primary vaccine recipients.

The 1968 study does not provide data on the inci-
dence of fever, nonspecific rash, blindness due to acciden-
tal inoculation, or fetal vaccinia. We know of no popula-
tion-based data on the incidence of fever in a smallpox
vaccination campaign. For our calculations, we used the
incidence of fever in a study comparing four different
smallpox vaccines."” Because only children were included
in this study, we have no separate estimate of the inci-
dence of fever in adults. For our calculations, we assumed
that the fever rate in adults would be the same as for chil-
dren. Data on rashes resulting from smallpox vaccination
were gathered during a 1962 campaign in Wales, in
which 900,000 people were vaccinated.”’ As with the
study of fever, data are insufficient to stratify the risk for
rash by age, so we assumed a uniform age distribution.

We could not estimate the incidence of blindness
due to accidental inoculation because of insufficient
data. Similarly, we were unable to calculate the inci-
dence of fetal vaccinia. Fewer than 50 cases of fetal vac-
cinia have ever been reported.®”

Back-of-the-Envelope Estimates

Table 2 lists the expected number of direct adverse
events for each vaccination campaign. For each cam-
paign, minor complications would generally number in

Expected Direct Adverse Events Associated with Smallpox Vaccination

VARIABLE

CAMPAIGN 1: MASS VACCINATION OF
PEOPLE 1-29 YEARS OF AGE

CAMPAIGN 2: MASS VACCINATION OF
PEOPLE 1-65 YEARS OF AGE

Number vaccinated, n 82.5 million 178.5 million
Number with adverse events, n
Most serious
Postvaccinial encephalitis
Survived 165 495
Died 10 10
Progressive vaccinia
Survived 240 570
Died 180 275
Eczema vaccinatum 1200 3525
Less serious
Generalized vaccinia 2100 6450
Accidental inoculation 2475 3825
Fever 14.9 million 32.1 million
Rash 8175 17,625
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the thousands, and rare (but more severe) complications
would number in the hundreds. If we assume that the
population was similar to that in earlier studies, vacci-
nating people 1 to 29 years of age would result in
approximately 1600 serious adverse events and 190
deaths. Vaccinating people age 1 to 65 years would result
in 4600 serious adverse events and 285 deaths.

Table 3 compares the rate of adverse events to two
other recommended vaccines—the measles, mumps,
and rubella (MMR) vaccine and varicella vaccine—that
have similar rates of fever and rash but are not associat-

ed with death.?!

Discussion

The risk for fatal and life-threatening adverse events is
greater with smallpox vaccination than with other rec-
ommended and widely accepted vaccines. The most
important implication is that serious adverse outcomes,
including death, would be expected from a mass vacci-
nation campaign.

Findings from this analysis may help in planning
for the first phase of a mass vaccination campaign. For
example, at least 1600 doses of vaccinia immune globulin
would be necessary to treat progressive vaccinia and
eczema vaccinatum, which would directly develop in a
campaign targeted to 1- to 29-year-olds, and at least 4300
doses would be required for similar purposes in a larger
campaign targeted to those between 1 and 65 years of age.

TABLE 3

Our analysis has limitations that may cause us to
overestimate or underestimate the number of direct
adverse events. Reasons for overestimation include
improvements in health care over the past 30 years,
which might improve survival for persons with progres-
sive vaccinia or encephalitis, and improvements in the
manufacture of smallpox vaccine. Smallpox vaccine will
now be grown in cell culture,” which may lead to fewer
cases of fever or nonspecific rash. However, production
in cell culture is unlikely to decrease the number of seri-
ous complications.

Limitations that may lead to an underestimate of
the number of direct adverse events include insufficient
data to calculate the expected number of cases of fetal
vaccinia and blindness due to accidental inoculation and
the paucity of historical data on adverse events in adult
primary vaccine recipients.

To minimize direct and indirect adverse events
among high-risk individuals, we assumed that 25% of
potential vaccine recipients would be excluded. The
expected effectiveness of prevaccination screening of
these individuals is unknown. The development of
eczema vaccinatum and progressive vaccinia indicates
that in 1968, the effectiveness of risk factor screening
was less than 100%, but without a denominator it is not
possible to ascertain the effectiveness precisely. The
extent to which potential contacts of high-risk individu-
als should be excluded from mass immunization efforts
is unknown. The time from initial vaccination to full

Number of Direct Adverse Events per Million Vaccine Recipients: Immunization against Smallpox;

Measles, Mumps, and Rubella (MMR); and Varicella

ADVERSE EVENTS

ADVERSE EVENTS PER MILLION POPULATION

BENCHMARKS
SMALLPOX MMR VARICELLA
Fever <200,000 <167,500 <100,000
Rash <10,000 <50,000 <50,000
Febrile seizure Not associated <350 <1000
Thrombocytopenia Not associated 33 Not associated

Pneumonia

Encephalitis*

Death

Not associated

<3

<2

Not associated

Extremely rare or
not associated

Not associated

Extremely rare

Extremely rare or
not associated

Not associated

*While most cases are not fatal, some have residual neurologic deficits.
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resolution of the resulting pustule is between 2 and 3
weeks.!” However, the risk this poses to a high-risk indi-
vidual is unclear.

One way to exclude close contacts would be to refrain
from vaccinating household members who live with a
high-risk individual. However, these high-risk individuals
may have close contacts outside the home, as in the case of
a child in daycare who has eczema. More restrictive exclu-
sion criteria would eliminate more of the potential contacts
of high-risk individuals and thus decrease the probability of
an indirect adverse event. Figure 2 illustrates that a more
restrictive exclusion strategy reduces the risk for adverse
events at the cost of reducing overall vaccination uptake,
which would leave more of the U.S. population susceptible
to death from a smallpox attack.

Determining the expected rate of indirect adverse
events is challenging. More than 15% of the population
is at high risk for an indirect adverse event. For these
individuals, this risk depends on the probability of expo-
sure and the probability that exposure leads to an
adverse outcome. In 1968, 3% of the U.S. population
received primary smallpox vaccination.!®?? In a mass
immunization campaign with a target coverage of 75%,
25-fold more of the population would be vaccinated; this
would increase the risk for exposure among high-risk

unvaccinated individuals. Although the 1968 study
reports cases of indirect adverse events, including 61
patients with eczema vaccinatum, of whom 1 died, no
appropriate denominator is available to allow us to
determine the risk for an indirect adverse event.!® We
are unaware of any data that would permit us to predict
the risk for developing an indirect adverse event after
exposure. However, without careful screening to mini-
mize close contact with recent vaccine recipients, all
individuals who have eczema or who are immunocom-
promised may be at risk for indirect adverse events. This
highlights the importance of careful prevaccination
screening efforts in a mass vaccination campaign.

Our calculations evaluate only one-time vaccina-
tion. However, if the threat of smallpox bioterrorism
continues, the expected adverse events of periodic boost-
er vaccination to maintain immunity and of vaccinating
young children as they reach their first birthday, will
need to be considered.

Ultimately, the decision to resume mass vaccina-
tion must weigh these potential harms—the direct
adverse events in vaccine recipients and the indirect
adverse events in high-risk contacts of recent vaccines—
against the effectiveness of ring vaccination and the sub-
stantial morbidity and mortality from a smallpox attack.

U.S. Population

Immunocompromised
Persons

FIGURE 2. Effect of exclusion
criteria on overall vaccination
uptake. The white circles indi-
cate high-risk individuals with
eczema or immunocompromised
individuals, who would never be
vaccinated. The eccentric circles
illustrate the effect of more or
less restrictive exclusion criteria
of potential contacts of high-risk
individuals on the overall number
of Americans vaccinated. The
remaining area within the square
represents the proportion of the
U.S. population who could be
vaccinated.

Potential Contacts
Excluded with More

/ Restrictive Criteria

Potential Contacts
Excluded with Less
Restrictive Criteria
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Take-Home Points

¢ Recent anthrax attacks in the United States have
stimulated discussion about the possibility of reinstating
a mass smallpox vaccination campaign.

¢ To inform this discussion, we reviewed the available
data to estimate the likely number of adverse events
resulting from vaccination.

¢ Although serious or life-threatening adverse events
with smallpox vaccination are rare (< 3 cases per million
for encephalitis and < 2 cases per million for death), they
occur more frequently than with other recommended
immunizations.

¢ Some deaths would be expected from any smallpox
mass vaccination campaign among vaccine recipients
and their unimmunized high-risk close contacts.

¢ Excluding potential contacts of high-risk individuals
from vaccination would decrease the number of
direct and indirect adverse events, but at the cost of
decreasing overall vaccine uptake. Better understanding
of the transmission rate from recent vaccine recipients
to those at high risk for complications (i.e., those who
have eczema or are immunocompromised) is needed.
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