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Estimation of the Duration of Vaccine-induced 
Residual Protection Against Severe and Fatal 

Smallpox Based on Secondary Vaccination Failure
H. Nishiura, M. Eichner

Abstract
Background: Understanding the loss of vaccine-induced 
immunity against smallpox is essential in determining the 
fraction of those who are still protected in the present 
population and in constructing effective countermeasures 
against bioterrorist attacks.
Method: Three small Australian outbreaks from the 1880s to 
early 1900s were investigated. Each documented individual 
age at infection. The case records for Launceston, 1903, 
further documented the age at vaccination and disease 
severity, enabling estimates of the duration of protection 
against severe and fatal smallpox.
Results: A significant association between vaccination and 
death was observed in the outbreak in Sydney, 1881 (odds 
ratio of death among vaccinated individuals = 0.3; 95% 
confidence interval (CI): 0.1, 0.8; p = 0.02), where the time 
since last vaccination was similar for all vaccinated cases. 
In Launceston, 1903, where the age at vaccination varied 
widely, the median duration of partial protection against 
severe and fatal smallpox was estimated to be 31.7 (95% 
CI: 13.2, 116.2) and 53.9 (95% CI: 25.6, 123.5) years after 
vaccination, respectively. Whereas those in their 20s are 
expected to have the highest frequency of vulnerability to 
smallpox death in the present population, infections among 
those in their 30s or 40s are expected to be much less fatal.
Conclusion: Long lasting partial protection was suggested 
from the outbreak records, the estimated durations of which 
were roughly consistent with those reported previously. 
In the event of a bioterrorist attack, those involved in 
emergency tasks before emergency vaccination practices 
are re-established should ideally be previously vaccinated 
individuals in their 30s or 40s. 
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Introduction
Long lasting vaccine-induced immunity has been suggested 
mainly by experimental studies of humoral and cellular 
immune reactions [1], while actual estimates of partial 
protection have been obtained based on statistical inves-
tigations of historical epidemiologic records [2]. If vacci-
nated individuals immunized before smallpox eradication 

(i.e., before the mid-1970s) are still partially protected, a 
considerable fraction of them could escape severe manifes-
tations in the event of a smallpox bioterrorist attack.

Thus, to construct effective countermeasures against 
bioterrorist attacks, it is crucial to clarify the duration of 
vaccine-induced immunity against smallpox and to under-
stand the immunity status of the present population. A 
previous study [2] based on records from the United King-
dom investigated tabulated statistical data with discrete 
age groups; however, further evidence is required to clarify 
the actual duration of immunity. 

This study aims to epidemiologically investigate 
smallpox infection and death in relation to vaccination his-
tory and time since vaccination based on outbreak records 
from Australia from the 1880s to early 1900s. The durations 
of partial protection against disease severity and death 
by time since last successful vaccination are estimated, 
and by combining the obtained estimates with current 
demographic data, we examine what age-specific fractions 
of the present Japanese population may still be partially 
protected.  

Materials and Methods
Data Sources

The investigated records concern three smallpox outbreaks 
after the mid-nineteenth century: Sydney in 1881 [3, 4] and 
Launceston in 1887 and 1903 [4, 5]. The reports detail 103, 
30 and 66 smallpox cases by age, respectively (Figure 1a–c). 
The reports in Sydney and Launceston, 1903, further docu-
ment vaccination status, age at vaccination, and the clinical 
course (fatality) of the cases. Smallpox severity is also given 
for Launceston, 1903, where ‘severe’ is defined as hemor-
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rhagic, confluent or semi-confluent smallpox. In our analyses, 
vaccination history and major outcomes (severity or fatality) 
are treated as dichotomous variables, whereas age and time 
since last successful vaccination as continuous. In Sydney, 
since 43 of the 46 smallpox cases with a prior vaccination his-
tory were vaccinated within 5 years prior to the outbreak, we 
could not take into account the time since last vaccination in 
this setting. In Launceston, 1903, the time since last vaccina-
tion was used instead of age only for vaccinated cases because 
the time since last vaccination varied among these cases. Seven 
(6.8%) vaccinated cases in Sydney who received post-exposure 
vaccinations were excluded from the analysis.

Statistical Analysis
To confirm the elevated age at infection among vaccinated 
cases (due to protection against the disease; c.f. Figure 1), the ages 
of vaccinated and unvaccinated cases were compared using the 
Mann-Whitney test. The association between vaccination status 
and fatality in Sydney was investigated using Fisher’s exact test 
to assess the residual protection. The cases in Launceston, 1903, 
were used to estimate the decay of partial protection based on the 
time since last vaccination. If the fatality of unvaccinated cases is 
pu, the number of fatal cases among nua unvaccinated cases of age 
a sampled from a binomial distribution, Pua(nua, pu). In the same 
way, the number of fatal cases among nvt vaccinated cases whose 
last successful vaccination was t years ago is independently given 
by Pvt(nvt, pvt) where the probability of death of vaccinated cases is 
determined by the time t since last successful vaccination and given 
by pvt = pu{1–exp( – kt)}. Maximum likelihood estimates of k and 
pu are obtained by minimizing the negative log-likelihood, ln(L)= 
(S a    ln(Pua) + S t      ln(Pvt)). The 95% confidence interval (CI) was obtained 
based on the profile likelihood. The duration of protection against 
severe disease was similarly estimated using the method above. 
The c2 statistic was used to compare observed and predicted 
numbers.

For additional statistics see Appendix.

Protected Fractions in the Present Japanese 
Population

Combining the obtained estimates with population census data 
from Japan [6], we roughly predicted the age-specific case fatality 

of smallpox in the present Japanese population. As the propor-
tion of those successfully vaccinated before eradication is only 
partly known [7], the sensitivity of case fatality to differing vacci-
nation coverage was examined. Based on our previous estimates, 
which epidemiologically suggested that the duration of vaccine-
induced immunity against smallpox was almost completely lost 
approximately 30 years after primary vaccination (i.e., protection 
against the disease), it has to be assumed that the present popu-
lation will not be protected (except against severe disease and 
death) unless recently vaccinated [8]. The case fatality c(a) at 
age a is given by:

where k denotes the coverage of successful vaccination. This for-
mula is based on the following simplifying assumptions:

1. Vaccination coverage did not change over time.
2. Vaccine efficacy did not change over time and was almost 

equivalent to what was found in Australia.
3. Mass vaccination, which took place immediately after 

birth, was abruptly discontinued in 1975.
4. Revaccinations were ignored.

Results
Vaccination and Age Distribution 

The proportions of vaccinated cases among all cases were 
47.9% (46), 46.7% (14) and 39.4% (26) in Sydney and Laun-
ceston (1887 and 1903), respectively. Figure 1a–c show age 
distributions of cases; figure 1b and c also show age distri-
butions of smallpox deaths. The mean ages of cases (and 
standard deviations, SD) were 19.2 (15.2), 24.8 (18.1) and 
26.6 (16.5), respectively. The age of vaccinated cases was 
significantly higher than that of unvaccinated cases in each 
outbreak (Mann–Whitney test, p < 0.01 for each outbreak). 
Logistic regression analysis showed no significant influence 
of age on the case fatality of unvaccinated cases in Sydney 
(p = 0.64) and Launceston, 1903 (p = 0.56).

Figure 1. Age specific number of cases by vaccination history. Number of cases in outbreaks in a) Launceston in 1887, b) Sydney in 1881, and 
c) Launceston in 1903 by vaccination status. The elevated age at infection among vaccinated individuals indirectly indicates that the duration 
of vaccine-induced protection lasts for a few decades.
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Residual Protection
The outbreak in Sydney, where the time since last 
vaccination was similar for all vaccinated cases, showed 
a significant association between vaccination and death 
(p = 0.02; 2-tailed), with an odds ratio of death among vac-
cinated cases of 0.3 (95% CI: 0.1, 0.8). In Launceston, 1903, 
where the age at vaccination varied widely, fatality, but not 
severity, was associated with vaccination history (Fisher’s 
exact test, severity: p = 0.27, fatality: p < 0.01). Analysis con-
sidering the time since vaccination yielded decay rate esti-
mates of 1.29% per year for fatality (95% CI: 0.56, 2.71) and 
2.19% per year for severity (95% CI: 0.60, 5.25), respectively 
(Figure 2a, b). Consequently, the median duration of partial 
protection against fatal and severe smallpox was estimated to 
be 53.9 (95% CI: 25.6, 123.5) and 31.7 (95% CI: 13.2, 116.2) 
years after vaccination, respectively. Even 50 years after pri-
mary vaccination, 52.6% (95% CI: 25.8, 75.5) of cases were 
still protected from smallpox death. A c2 test revealed no 
significant deviations between predicted and observed 
numbers (see Appendix for details). The age independent 
case fatality among unvaccinated cases, pu, was estimated to 
be 35.1% (95% CI: 21.7, 50.5).

Residual Immunity in the Present Japanese 
Population

Figure 3a shows the predicted age-specific case fatality in 
the present Japanese population by differing vaccination 
coverage until 1975. Whereas the case fatality is expected 
to be relatively high among unvaccinated cases, that among 
cases vaccinated shortly before eradication is rather small. 
Figure 3b examines the uncertainty of our estimates using 
the 95% CI of the decay rate of immunity against death. The 

case fatality of previously vaccinated cases never reached 
that of unvaccinated cases. Age-specific numbers of peo-
ple vulnerable to smallpox death in present day Japan are 
given in figure 3c. A substantial fraction of the vulnerable 
population is represented by the unvaccinated age groups. 
This can be understood by looking at the frequency distri-
bution of those vulnerable to smallpox death (Figure 3d). 
Whereas those in their 20s are expected to have the highest 
frequency of vulnerability to smallpox death in the present 
population, the lowest frequency is found among those in 
their 30s and 40s.

Discussion
The significant association between vaccination history and 
age at infection reflects the duration of protection against 
smallpox [9, 10]. This is consistent with the description of 
Dr. Elkington who noted that even a single vaccination 
seems to be able to avert the disease for many years with 
no occurrence in vaccinated cases under 20 years of age 
[5], and with our previous estimates which found that 
the duration of protection would be between 11.7 and 
28.4 years [8]. Furthermore, long lasting partial protection 
was suggested in the outbreak records from Australia, the 
estimated durations of which were roughly consistent with 
those suggested previously [2]. Slightly different estimates 
may have originated from the assumptions made and data 
employed; that is, in this study, we assumed that the case 
fatality was independent of age. 

Our estimates imply that a substantial fraction of pre-
viously vaccinated individuals could escape smallpox death 
in the event of a bioterrorist attack. Although the pre-
dicted frequency of vulnerability ignored other potentially 
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Figure 2. Fraction of vaccinated smallpox cases protected against a) fatal and b) severe clinical manifestations in the outbreak in Launceston, 
1903. Expected values (bold lines) were calculated from the expected decay rate of residual protection; 95% confidence levels are represented 
by thin lines.
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influential factors (e.g., age-specific case fatality among 
unvaccinated cases [11] and revaccinations at higher 
ages [12]), our estimate roughly enables us to explain the 
potential qualitative pattern of death. A similar approach 
was followed by Daniel Bernoulli 240 years ago [13, 14]. 
Those in their 30s or 40s who have been vaccinated before 
appeared to be least vulnerable. Thus, considering the 
potential shortage of vaccines in the event of a smallpox 
bioterrorist attack, it might be worth favouring recruitment 
of individuals from these age groups for immediate damage 
control to help minimize the number of smallpox deaths 
(e.g., recruitment for medical and public health practices 
in the absence of vaccines).

An important possible bias that may have led to 
overestimations may be booster effects in vaccinated 
individuals in Launceston. Although possible booster events 

may have occurred during previous outbreaks such as that 
in 1887, they are thought to have been less frequent in Aus-
tralia than in, for example, the UK because of the relatively 
isolated environment and smaller size of each outbreak 
[4, 15, 16]. Indeed, only small and sporadic outbreaks of 
smallpox were observed in Australia, where exposure, and 
consequently, cases occurred predominantly in major port 
cities [17]. Moreover, although several historical studies 
have extensively documented the outbreaks in Launceston, 
a major port in northern Tasmania [4, 18, 19], no evidence 
indicates that smallpox was endemic to this city. Although 
more explicit adjustment for booster effects could be taken 
into account in specific settings [8, 20], the estimation of 
additional parameters demands a larger sample size.

It should be noted that the severity and fatality of 
smallpox are influenced by nutritional and social status 
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[9, 21]. Concerning the expected age-specific frequency of 
deaths, the disease burden could differ by underlying dis-
eases, access to medical practice (e.g., intensive and critical 
care), specific vaccination schemes, and by social distancing 
measures (e.g., contact tracing and isolation) in emergency 
settings of a bioterrorist attack [22, 23]. Effective targeted 
countermeasures should therefore be designed by integrat-
ing more precise estimates of the effectiveness of vaccina-
tion as well as the duration of vaccine-induced immunity 
with other potential public health responses.
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Table A2
Age group, vaccination status, and number of severe cases during 
an outbreak in Launceston, 1903

Vaccinated Unvaccinated

Age groupa Mild Severe Mild Severe
1 10 (9.8) 3 (3.2) 5 (3.5) 15 (16.5)
2  8 (8.3) 5 (4.7) 2 (3.5) 18 (16.5)

The observed numbers of total and severe cases were obtained from 
reference 5. aAge groups given here are 0–15 and over 16 years for 
unvaccinated cases, and time since last successful vaccination was 
20–35 and over 36 years for vaccinated cases. Values in parenthe-
ses show expected numbers (refer to the main text for details).

Test for Significance
When assessing the goodness-of-fit of our models, using χ2 
statistic, we divided the data on unvaccinated and vaccinated cases 
into two age groups each. The number of fatal or severe smallpox 
cases by age group and vaccination history are given in Tables 

Appendix

Table A1
Age group, vaccination status, and number of smallpox deaths 
during an outbreak in Launceston, 1903

Vaccinated Unvaccinated

Age groupa Recovered Dead Recovered Dead
1 11 (10.9) 2 (2.1) 16 (13.0)  4 (7.0)
2 10 (10.1) 3 (2.9) 10 (13.0) 10 (7.0)

The observed numbers of total and fatal cases were obtained from 
reference 5. aAge groups given here are 0–15 and over 16 years for 
unvaccinated cases, and time since last successful vaccination was 
20–35 and over 36 years for vaccinated cases. Values in parenthe-
ses show expected numbers (refer to the main text for details).

A1–A2. Although several expected numbers were smaller than 4 
(which could have led to spuriously significant results), the χ2 test 
revealed no significant differences between predicted and ob-
served fatal and severe cases (χ2 = 1.60, d.f = 2, p = 0.44 and 
χ2 = 3.96, d.f = 2, p = 0.14, respectively). 
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