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A monkeypox outbreak in Nigeria during 2017–2020 provides an illustrative case study for emerging zoonoses.
We built a statistical model to simulate declining immunity
from monkeypox at 2 levels. At the individual level, we
used a constant rate of decline in immunity of 1.29% per
year as smallpox vaccination rates fell. At the population
level, the cohort of vaccinated residents decreased over
time because of deaths and births. By 2016, only 10.1%
of the total population in Nigeria was vaccinated against
smallpox; the serologic immunity level was 25.7% among
vaccinated persons and 2.6% in the overall population.
The substantial resurgence of monkeypox in Nigeria in
2017 appears to have been driven by a combination of
population growth, accumulation of unvaccinated cohorts,
and decline in smallpox vaccine immunity. The expanding
unvaccinated population means that entire households,
not just children, are now more susceptible to monkeypox,
increasing risk of human-to-human transmission.

S

ince September 2017, Nigeria has been experiencing the largest monkeypox outbreak in the country’s history. As of November 2019, the country had
reported 183 confirmed cases across 18 states (1). This
outbreak is also the largest recorded that has been
caused by the West Africa clade of the monkeypox
virus (MPXV). Beyond its scale, this outbreak is an
illustrative case study for emerging zoonosis because
of its epidemiologic characteristics.
Preliminary genetic analysis suggests multiple
zoonotic introductions from animal reservoirs into
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the human population (2). In 2018, an MPXV sample
isolated from a case-patient in Cameroon was found
to be genetically similar to a sample from Nigeria despite no epidemiologic linkage, raising the possibility
of an epizootic event spanning the Nigeria-Cameroon
border (3). This finding is uncharacteristic of the West
Africa clade, which tends to cause temporally and
geographically isolated outbreaks (4,5). Moreover, the
2017–2020 Nigeria outbreak showed a higher prevalence among adults; 78% of patients were 21–40 years
of age (1), whereas historically, most case-patients
were <15 years of age (6). The changing demographics of this outbreak may offer insights into reasons behind the reemergence of monkeypox in West Africa.
We hypothesized 2 main mechanisms to explain
this resurgence after 40 years of no reported cases.
First, residents have experienced increased exposure
to and interactions with forest animals, driven by deforestation, armed conflicts, and population migration. Second, herd immunity from since-discontinued
universal smallpox vaccination programs in the 1970s
has declined over time (7). The 2 theories, not mutually exclusive, represent the loss of 2 different barriers
to spillover (8). We aimed to examine the potential role
of declining population immunity and how it interacts
with the country’s rapid urbanization to affect the reemergence of monkeypox in Nigeria. Whereas data
on urbanization and land expansion are available, the
dearth of data from recent serologic surveys makes it
challenging to separate out changes in the levels of residual immunity from smallpox vaccination from the
endemicity of monkeypox in the population. By using
a statistical model to account for declining individuallevel immunity, we aimed to quantify the fraction of
the population that is susceptible to monkeypox and
plot the growth of this population during 1970–2018.
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Methods
Data Sources

We retrieved epidemiologic and demographic data
from monthly situational reports and weekly epidemiologic reports from the Nigeria Centre for Disease
Control and Prevention, as well as from published
literature. Annual population data and crude death
rates for 1970–2020 came from the World Bank data
portal (9,10) and state population data and area size
used to determine population density from the Nigeria National Bureau of Statistics (11).
Population Immunity Model

We sought to model declining immunity against
monkeypox at 2 levels. At the individual level, we
assumed that smallpox vaccination provides 85% effective cross-immunity against MPXV among all vaccinated persons (12) and that the level of serologic immunity to MPXV for each vaccinated person would
decline at a constant rate until it reached 0%, at which
point the person would be fully susceptible to MPXV.
We set the rate of decline for serologic immunity levels at 1.29% (95% CI 0.56–2.71) per year, based on
findings from a 2006 study in which the authors plotted the fraction of vaccinated case-patients protected
against fatal or severe disease against the number of
years since their most recent smallpox vaccination
(13). At the population level, we assumed that 77.2%
of the population in 1970 had received smallpox vaccination based on data from a series of surveys in
1969 that reported the proportion of populations in
northern and western regions of Nigeria with evidence of smallpox vaccination by jet injectors (14). We
used population sizes of these 2 regions to calculate a
weighted country-level estimate of vaccination coverage, which we used in the model (Table 1). Because
the surveys were conducted through 1969, we chose
1970 as the first year for the model.
In each subsequent year, we calculated that the
size of the vaccinated population in the model would
decline at a rate equivalent to that year’s crude death
rate. The difference between total population reported by World Bank and the living vaccinated population represented the immunologically naive population; this figure accounted for the number of newly

born children and unvaccinated immigrant persons
recruited into the subsequent year’s unvaccinated
population figure for the model. We calculated population immunity level by multiplying the proportion of the living vaccinated population in the total
population by the individual immunity level. The
model used countrywide population data, not state
population data, because the latter became available
only beginning with the 1991 census (15). We assumed that vaccination coverage was uniform across
all states in 1970 and no subsequent vaccination campaigns occurred after 1970. To visualize the decline
of immunity over time, we plotted the proportion of
immunological-naive populations during 1970–2018
and superimposed individual- and population-level
immunity levels onto this plot (Figure 1).
Geographic Distribution

We tabulated total confirmed and suspected or
probable cases in each state through September
2020 based on case definitions (Table 2) and mapped
these data as a chronopleth (Figure 2, panel A). We
calculated population density and annual population growth rate during 2006–2016 for each state
(Table 3) and mapped these data with Nigeria’s
2018 road network overlaid as a chronopleth (16)
(Figure 2, panel B). Risk ratios were calculated for
states with population densities and annual growth
rates higher than the national averages (Table 3).
Only states with confirmed cases were considered
for analysis because the definition of suspected or
probable cases has low specificity and can lead to
misdiagnosis with similar rash-like illnesses such
as varicella zoster virus (17).
Results
Increase in Susceptible Population over Time

During 1970–2018, the overall population of Nigeria
increased from 55.98 million to 195.87 million. The
unvaccinated, immunologically naive population increased from 12.76 million (22.8% of total population)
in 1970 to 177.62 million (90.7% of total population)
in 2018. From 43.22 million (77.2% of total population) in 1970, the vaccinated population declined
to ≈18.25 million (9.3% of total population) in 2018.

Table 1. Estimation of a weighted country-level estimate of smallpox vaccination coverage, Nigeria, 1969
Category
Northern Nigeria
Western Nigeria
Population assessed*
6.8 million
4.4 million
60.7
39.3
Weight assigned to region in calculation of overall coverage, %
Proportion of population with evidence of smallpox vaccination, %
Region
88.4
60.0
Nation
77.2
*Provided in the source study (14).
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Figure 1. Relationship between population- and individual-level smallpox vaccination and immunity rates and resurgence of monkeypox
cases in Nigeria, 1970–2018.

In addition, the cross-immunity protection of 85%
conferred by smallpox vaccination for monkeypox,
using the assumed linear rate of decline over time
from vaccination, fell to only 23.1% (95% CI 0.0%–
58.1%) among vaccinated persons. Combining the effects of declining immunity from these 2 factors, the
overall population immunity, estimated to be 65.6%
in 1970, declined to only 2.2% (95% CI 0.0%–5.4%) in
2018 (Figure 1). In 2016, the year preceding the outbreak, the percentage of the population vaccinated
was 10.1% and estimated population immunity was
2.6% (95% CI 0.0%–6.0%).
Geographic Distribution

States that reported >10 confirmed cases within a year
were Rivers (36), Bayelsa (31), Lagos (19), and Delta
(17) (Table 3). Exported cases in the United Kingdom,
Singapore, and Israel had epidemiologic linkages to
clusters in these states with the highest numbers of
monkeypox cases (18,19). Most states with confirmed
cases were concentrated in the South-West (3), SouthSouth (6), and South-East (4) zones, with sporadic
spread to the North-West and North-Central zones,
which include highly populated states such as the
Federal Capital Territory (FCT), Nasawara, and Plateau (Table 3).
Among 17 states with confirmed cases, 4 (Rivers, Akwa Ibom, Oyo, and FCT) had annual population growth rates higher than the national average of
3.93%; Abuja (FCT), the capital city, increased 15.3%
(Table 3). In 2016, the national population density
was 421.1 persons/km2, but 8 states had population
densities >500 persons/km2; Lagos state reported
more than 3,500 persons/km2 (Table 3). A dense net-

work of roads converges in the South-South zone
and Lagos state, an area with an overall population
density of >1,000 persons/km2 (Figure 2, panel B).
States with population densities higher than the national average were 2.1 (95% CI 1.0–4.2) times more
likely to report confirmed cases (p = 0.039). Higher risk (risk ratio 1.2, 95% CI 0.5–2.7; p = 0.65) was
also observed among states with annual population growth higher than the national average, albeit
without statistical significance.
Discussion
Our investigation shows that a large decline in estimated population immunity was observed before a
2017 increase in cases of monkeypox. On this basis,
we postulate a relationship between decreased immunity to smallpox and resurgence of monkeypox
in Nigeria. The potential role of declining population immunity in the resurgence of monkeypox has
been raised in earlier studies (4,6,7,20). Epidemiologic evidence suggests previous smallpox vaccination
Table 2. Case definitions for monkeypox in Nigeria
Term
Definition
Suspected case Acute illness with fever >38.3C, intense
headache, lymphadenopathy, back pain,
myalgia, and intense asthenia followed 1–3
days later by a progressively developing rash
often beginning on the face (most dense) then
spreading elsewhere on the body, including
soles of feet and palms of hand
Probable case
Meets the clinical case definition; not
laboratory confirmed, but has an
epidemiological link to a confirmed case
Confirmed case Clinically compatible case that is laboratory
confirmed by positive IgM, PCR, or virus
isolation
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Figure 2. Monkeypox in Nigeria and factors affecting spread. A) Case distribution by state, September 2017–September 2020. B)
Population density by state in 2016 (gray shading) and nationwide road network in 2018 (black lines).

provides at least partial protection against severe
MPXV infections (13,20), further supported by immunologic studies of smallpox vaccine. Residual IgG
and neutralizing antibodies were shown to persist in
vaccinated persons (21–23) and have been associated with milder disease among infected patients (24).
Among US monkeypox patients, those vaccinated
for smallpox displayed evidence of vaccination immunity (orthopoxvirus [OPXV] IgG and memory
B cells) after monkeypox exposure (24). Smallpox
vaccine induces both humoral and cell-mediated
response against OPXV, including MPXV, targeting
a wide range of viral particles and preventing viral
replication (23,25).
Our results show that the effect of a decline in
individual-level immunity among vaccinated persons, as well as population growth in the postvaccination era, has substantially reduced the overall
population immunity level within the past 45 years.
The median age of the patients was 29 years old (2),
notably higher than for previous outbreaks except
from the 2017 outbreak in Central African Republic
(median 27.5 years of age) and a single case in Sierra
Leone in 1970 (27.5 years old) (4). This finding can
be explained by the fact that children too young to
get vaccinated in the 1970s have grown up and now
form most of the contemporary susceptible population. The smallpox vaccination campaign officially
ceased in 1980; by 2017, when the monkeypox outbreak in Nigeria occurred, the unvaccinated cohort
1010

would encompass all residents <37 years of age. This
contemporary susceptible population is composed
mainly of working adults who maintain wider social
contact and are more likely to engage in activities
that include risk of animal exposures, such as hunting, farming, or trading bush meat (26). In addition,
the expanding unvaccinated population means that
entire households are now susceptible to monkeypox instead of just children, which enhances the risk
of human-to-human transmission. In fact, the index
case in 2017 was part of a 5-member family cluster
of cases (27).
Most confirmed cases were concentrated in the
southern zones, which are characterized as natural
ecologic niches of monkeypox because of swamps
and rain forests (2,4). Satellite imagery during 2000–
2016 shows a substantial increase in built-up areas
and farmland in southern Nigeria, created at the expense of these forested areas (28). This expansion of
developed areas increases the likelihood of reservoir
animals, such as rodents, rabbits, and primates, being displaced from their natural habitat and living
among humans, thus increasing interspecies contact (29). Past serologic surveys found higher seroprevalence of OPXV-specific IgG among residents
of forested habitat, suggesting frequent exposure
to MPXV and other OPXV (5,30,31). This evidence
is further supported by the disproportionate prevalence among men in this outbreak (male:female ratio
= 3:1), because predominantly men perform most
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high-risk occupations dealing with wild animals,
such as hunting and trading bush meat (4,32). In addition, expansion of urban transport networks may
have contributed to widespread transmission in this
outbreak, because states with >10 confirmed cases
tended to be converging points for major roads (Figure 2, panel B).
Of note, an increasing number of cases were
detected in drier savannahs in the northern zones,
which are not typical ecologic niches of MPXV (2).
This finding is possibly because more animal-human
interfaces are occurring outside of MPXV natural
habitats because of savannah being cleared for farming and settlement. In fact, savannah-to-agricultural
land transition constituted the largest segment of land
conversion in Nigeria during 1975–2013 (33). Moreover, interstate railway lines and highways may have
enabled patients from monkeypox clusters to travel
north from southern locations and subsequently infect local residents.

Several models have conceptualized zoonotic
transmission as a multistage process with several
bottlenecks that can influence the probability of
spillover (8,34). In these models, host-specific and
pathogen-specific factors determine how many
pathogens are released into the environment and
how long they survive. Individual human behaviors determine the probability and dose of exposure; individual human physiology and immunity
determine the probability and severity of infection
upon exposure (8). In other words, although urbanization and land conversion increase the frequency
of animal exposure and the average exposure dose,
human immunity potentially opposes this effect by
lowering the probability of infection. At the same
time, although smallpox vaccination may provide
partial protection, sufficiently large infectious inoculum, through prolonged or frequent animal contact,
can overcome such protection and manifest symptomatically (24,35).

Table 3. Annual population growth and number of cases, by state, Nigeria, 2006–2016*
Population density, Population density, Annual population
State
Zone Area, km2 2006, persons/km2 2016, persons/km2
growth, %
Abia
SE
4,900
580.7
760.7
3.1
Adamawa
NE
38,700
82.1
109.8
3.4
Akwa Ibom
SS
6,900
565.5
794.5
4.0
Anambra
SE
4,865
858.8
1,136.2
3.2
Bauchi
NE
49,119
94.7
133.1
4.0
Bayelsa
SS
9,059
188.2
251.5
3.4
Benue
NC
30,800
138.1
186.4
3.5
Borno
NE
72,609
57.4
80.7
4.0
Cross River
SS
21,787
132.8
177.5
3.4
Delta
SS
17,108
240.4
331.0
3.8
Ebonyi
SE
6,400
340.1
450.1
3.2
Edo
SS
19,187
168.5
220.8
3.1
Ekiti
SW
5,435
441.4
601.8
3.6
Enugu
SE
7,534
433.7
585.5
3.5
FCT
NC
7,607
184.9
468.5
15.3
Gombe
NE
17,100
138.3
190.5
3.8
Imo
SE
5,288
742.7
1,022.8
3.8
Jigawa
NW
23,287
187.3
250.3
3.4
Kaduna
NW
42,481
143.9
194.3
3.5
Kano
NW
20,280
463.6
644.8
3.9
Katsina
NW
23,561
246.2
332.4
3.5
Kebbi
NW
36,985
88.1
120.1
3.6
Kogi
NC
27,747
119.4
161.2
3.5
Kwara
NC
35,705
66.2
89.4
3.5
Lagos
SW
3,671
2,482.6
3,418.8
3.8
Nasarawa
NC
28,735
65.1
87.8
3.5
Niger
NC
68,925
57.4
80.6
4.0
Ogun
SW
16,400
228.7
318.2
3.9
Ondo
SW
15,820
218.8
295.3
3.5
Osun
SW
9,026
378.6
521.3
3.8
Oyo
SW
26,500
210.6
295.9
4.0
Plateau
NC
27,147
118.1
154.7
3.1
Rivers
SS
10,575
491.6
690.7
4.0
Sokoto
NW
27,825
133.1
179.6
3.5
Taraba
NE
56,282
40.8
54.5
3.4
Yobe
NE
46,609
49.8
70.7
4.2
Zamfara
NW
37,931
86.4
119.0
3.8
National average NA
24,592
304.4
421.1
3.93

No. cases
1–9 confirmed cases
Only suspected/probable cases
1–9 confirmed cases
1–9 confirmed cases
Only suspected/probable cases
30–39 confirmed cases
1–9 confirmed cases
Only suspected/probable cases
1–9 confirmed cases
11–19 confirmed cases
Only suspected/probable cases
1–9 confirmed cases
1–9 confirmed cases
1–9 confirmed cases
1–9 confirmed cases
No cases
1–9 confirmed cases
No cases
Only suspected/probable cases
Only suspected/probable cases
Only suspected/probable cases
Only suspected/probable cases
Only suspected/probable cases
Only suspected/probable cases
11–19 confirmed cases
1–9 confirmed cases
Only suspected/probable cases
No cases
Only suspected/probable cases
No cases
1–9 confirmed cases
1–9 confirmed cases
30–39 confirmed cases
No cases
No cases
No cases
Only suspected/probable cases
NA

*NA, not applicable; FCT, Federal Capital City; NC, North-Central; NE, North-East; NW, North-West; SE, South-East; SS, South-South; SW, South-West.
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Although no cases were reported in Nigeria during 1978–2017, because of the high prevalence of
smallpox vaccination among the 1970s cohort, mild
and asymptomatic infections might have occurred but
gone unreported. In addition, the West Africa clade
is associated with lower virulence (36), which could
have enabled the disease to spread through mild or
asymptomatic cases not captured by passive surveillance. In fact, before the 2017 outbreak, monkeypox
was not in the Integrated Disease Surveillance and
Response system list of reportable diseases (37). Serologic surveys of West Africa populations revealed
active levels of IgG suggestive of routine exposure to
OPXV, albeit without patients recalling symptoms or
having scars (6,30). The resurgence of monkeypox in
Nigeria in 2017, although seemingly unprecedented,
may be the result of alignment of several control gaps
in the spillover process, driven by a combination of
factors: modern urbanization, urban densification,
waning of immunity among vaccinated residents,
and accumulation of unvaccinated cohorts.
This study is subject to some limitations because our model was built on several assumptions.
We assumed that the base population in 1970 started with a uniform immunity level of 85%; in reality,
persons vaccinated before 1970 would have had a
lower immunity level at the start of the model and
persons vaccinated from 1970–1980 would have
started with a higher immunity level at a later year.
We assumed that 77.2% vaccination coverage was
uniform across all states, but our uniform vaccination coverage and protection levels represent a
simplified averaging of heterogeneous rates of coverage across states. Finally, for our model, we assumed that no vaccination campaigns occurred in
Nigeria after 1970. In fact, several vaccination campaigns were conducted during 1969–1980 in Nigeria (38), but there was insufficient data on these
campaigns’ frequency and coverage to accurately
quantify their effects on the population immunity
level. The model also did not account for changing
kinetics of antibodies and T-cells in persons receiving a booster dose (39).
Next, in the absence of state-specific population
growth rates, we were unable to simulate rural-urban migration in the model, which resulted in an
urban-rural growth differential and could lead to
differential increase in the susceptible population
between states (40,41). However, accurately estimating this effect would require expanding the parameters of a future model to account for population
migration between states, data that are not publicly available. Last, the estimated rate of serologic
1012

immunity decline we used had a wide confidence
interval in the source study (13); that would have
increased the margin of error for our estimates of
individual and population immunity levels. The
model would benefit from future studies that more
accurately estimate rates of immunity decline.
The wide geographic spread of the 2017 outbreak
in Nigeria was likely driven by the lower level of residual OPXV immunity, population growth, an increase in the proportion of susceptible persons, and
potential spillover events at the animal-human interfaces caused by human settlements encroaching into
forested areas. The initial spillovers may have been
followed by rapid human-to-human transmission
enabled by high population density and a growing
immunologically naive population fully susceptible
to MPXV. High prevalence among working adults
21–40 years of age, born after universal vaccination
programs were discontinued, suggests that declining
population immunity plays a substantial role in the
reemergence of monkeypox.
Fewer monkeypox cases were diagnosed in 2020,
which other researchers have attributed to the selflimiting nature of MPXV human transmission (e.g.,
because of nonairborne mode of transmission, low
probability of infection per contact) (4,42). However,
we cannot rule out the possibility of future mutations that might enable sustained human-to-human
transmission or adoption of more cosmopolitan animal reservoir hosts. Such occurrences would present
substantial public health risks. These ongoing risks
highlight the importance of serosurveillance to understand the extent of OPXV endemicity within the
population. The role of vaccination in preventing
monkeypox is being considered, and clinical trials
for healthcare workers are underway (43,44). In the
absence of seroprevalence data in Nigeria, this study
provides an alternative method to estimate the residual level of vaccine immunity and adds another perspective to the discourse on monkeypox reemergence
in West Africa.
This work was supported by a grant from the NHRMC
Centre for Research Excellence in Integrated Systems for
Epidemic Response (grant number 1107393).

About the Author
Ms. Nguyen was a Master of Public Health/International
Public Health student at the University of New South
Wales, Sydney, Australia, and was involved in COVID-19
research with The Kirby Institute at the time of this research.
Her research interests are infectious disease surveillance,
epidemic response, and predictive disease modelling.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 4, April 2021

Reemergence of Human Monkeypox, Nigeria
References
1.

2.

3.

4.

5.
6.

7.

8.

9.
10.
11.
12.

13.

14.

15.
16.
17.

Nigeria Centre for Disease Control and Prevention.
Monkeypox monthly situational report, December 2019
[cited 2020 Oct 1]. https://ncdc.gov.ng/themes/common/
files/sitreps/5a1a9820f21136842ba43f186b8d09e7.pdf
Yinka-Ogunleye A, Aruna O, Dalhat M, Ogoina D,
McCollum A, Disu Y, et al.; CDC Monkeypox Outbreak
Team. Outbreak of human monkeypox in Nigeria in
2017–18: a clinical and epidemiological report. Lancet
Infect Dis. 2019;19:872–9. https://doi.org/10.1016/
S1473-3099(19)30294-4
Sadeuh-Mba SA, Yonga MG, Els M, Batejat C, Eyangoh S,
Caro V, et al. Monkeypox virus phylogenetic similarities
between a human case detected in Cameroon in 2018 and the
2017–2018 outbreak in Nigeria. Infect Genet Evol. 2019;69:8–
11. https://doi.org/10.1016/j.meegid.2019.01.006
Beer EM, Rao VB. A systematic review of the epidemiology
of human monkeypox outbreaks and implications for
outbreak strategy. PLoS Negl Trop Dis. 2019;13:e0007791.
https://doi.org/10.1371/journal.pntd.0007791
Damon IK. Status of human monkeypox: clinical disease,
epidemiology and research. Vaccine. 2011;29(Suppl 4):D54–9.
https://doi.org/10.1016/j.vaccine.2011.04.014
Heymann DL, Szczeniowski M, Esteves K. Re-emergence of
monkeypox in Africa: a review of the past six years. Br
Med Bull. 1998;54:693–702. https://doi.org/10.1093/
oxfordjournals.bmb.a011720
Simpson K, Heymann D, Brown CS, Edmunds WJ,
Elsgaard J, Fine P, et al. Human monkeypox—after 40 years,
an unintended consequence of smallpox eradication.
Vaccine. 2020;38:5077–81. https://doi.org/10.1016/
j.vaccine.2020.04.062
Plowright RK, Parrish CR, McCallum H, Hudson PJ, Ko AI,
Graham AL, et al. Pathways to zoonotic spillover. Nat Rev
Microbiol. 2017;15:502–10. https://doi.org/10.1038/
nrmicro.2017.45
World Bank. Population, total—Nigeria [cited 2020 Sep
24]. https://data.worldbank.org/indicator/SP.POP.
TOTL?locations=NG
World Bank. Death rate, crude (per 1,000 people)—Nigeria
[cited 2020 Sep 20]. https://data.worldbank.org/indicator/
SP.DYN.CDRT.IN?locations=NG
Nigeria National Bureau of Statistics. Annual abstract of
statistics. 2010 [cited 2020 Oct 1]. http://ghdx.healthdata.
org/record/nigeria-annual-abstract-statistics-2010
Fine PEM, Jezek Z, Grab B, Dixon H. The transmission
potential of monkeypox virus in human populations. Int
J Epidemiol. 1988;17:643–50. https://doi.org/10.1093/
ije/17.3.643
Nishiura H, Eichner M. Estimation of the duration of
vaccine-induced residual protection against severe and fatal
smallpox based on secondary vaccination failure. Infection.
2006;34:241–6. https://doi.org/10.1007/s15010-006-6603-5
Henderson RH, Davis H, Eddins DL, Foege WH. Assessment
of vaccination coverage, vaccination scar rates, and
smallpox scarring in five areas of West Africa. Bull World
Health Organ. 1973;48:183–94.
Nigeria Data Portal. Nigeria census: distribution of
households, 2015 [cited 2020 Sep 24]. https://nigeria.opendata
forafrica.org/xspplpb/nigeria-census
Humanitarian Data Exchange. Nigeria—roads. Updated 2018
Aug 15 [cited 2020 Oct 1]. https://data.humdata.org/
dataset/nigeria-roads
Osadebe L, Hughes CM, Shongo Lushima R, Kabamba J,
Nguete B, Malekani J, et al. Enhancing case definitions for
surveillance of human monkeypox in the Democratic

18.
19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

Republic of Congo. PLoS Negl Trop Dis. 2017;11:e0005857.
https://doi.org/10.1371/journal.pntd.0005857
Kunasekaran MP. Report of monkeypox cases in 2018 in the
United Kingdom. Global Biosecurity. 2019;1:140–9.
https://doi.org/10.31646/gbio.22
Mauldin MR, McCollum AM, Nakazawa YJ, Mandra A,
Whitehouse ER, Davidson W, et al. Exportation of
monkeypox virus from the African continent. J Infect Dis.
2020 Sep 3 [Epub ahead of print]. https://doi.org/10.1093/
infdis/jiaa559
Rimoin AW, Mulembakani PM, Johnston SC, Lloyd Smith JO,
Kisalu NK, Kinkela TL, et al. Major increase in human
monkeypox incidence 30 years after smallpox vaccination
campaigns cease in the Democratic Republic of Congo. Proc
Natl Acad Sci U S A. 2010;107:16262–7. https://doi.org/
10.1073/pnas.1005769107
Hammarlund E, Lewis MW, Hansen SG, Strelow LI,
Nelson JA, Sexton GJ, et al. Duration of antiviral immunity
after smallpox vaccination. Nat Med. 2003;9:1131–7.
https://doi.org/10.1038/nm917
Taub DD, Ershler WB, Janowski M, Artz A, Key ML,
McKelvey J, et al. Immunity from smallpox vaccine persists
for decades: a longitudinal study. Am J Med. 2008;121:1058–
64. https://doi.org/10.1016/j.amjmed.2008.08.019
Gilchuk I, Gilchuk P, Sapparapu G, Lampley R, Singh V,
Kose N, et al. Cross-neutralizing and protective human
antibody specificities to poxvirus infections. Cell. 2016;167:684–
694.e9. https://doi.org/10.1016/j.cell.2016.09.049
Karem KL, Reynolds M, Hughes C, Braden Z, Nigam P,
Crotty S, et al. Monkeypox-induced immunity and failure of
childhood smallpox vaccination to provide complete
protection. Clin Vaccine Immunol. 2007;14:1318–27.
https://doi.org/10.1128/CVI.00148-07
Kennedy RB, Ovsyannikova IG, Jacobson RM, Poland GA.
The immunology of smallpox vaccines. Curr Opin Immunol.
2009;21:314–20. https://doi.org/10.1016/j.coi.2009.04.004
Quiner CA, Moses C, Monroe BP, Nakazawa Y, Doty JB,
Hughes CM, et al. Presumptive risk factors for monkeypox in
rural communities in the Democratic Republic of the Congo.
PLoS One. 2017;12:e0168664. https://doi.org/10.1371/
journal.pone.0168664
Ogoina D, Izibewule JH, Ogunleye A, Ederiane E,
Anebonam U, Neni A, et al. The 2017 human monkeypox
outbreak in Nigeria—report of outbreak experience and
response in the Niger Delta University Teaching Hospital,
Bayelsa State, Nigeria. PLoS One. 2019;14:e0214229.
https://doi.org/10.1371/journal.pone.0214229
Izah LN, Majid Z, Mohd Ariff MF, Mohammed HI.
Determining land use change pattern in southern
Nigeria: a comparative study. IOP Conf Ser: Earth
Environ Sci. 2018;169:012040. https://doi.org/10.1088/
1755-1315/169/1/012040
Faust CL, McCallum HI, Bloomfield LSP, Gottdenker NL,
Gillespie TR, Torney CJ, et al. Pathogen spillover during land
conversion. Ecol Lett. 2018;21:471–83. https://doi.org/
10.1111/ele.12904
Leendertz SAJ, Stern D, Theophil D, Anoh E, Mossoun A,
Schubert G, et al. A cross-sectional serosurvey of antiorthopoxvirus antibodies in central and western Africa.
Viruses. 2017;9:278. https://doi.org/10.3390/v9100278
Reynolds MG, Carroll DS, Olson VA, Hughes C, Galley J,
Likos A, et al. A silent enzootic of an orthopoxvirus in
Ghana, West Africa: evidence for multi-species involvement
in the absence of widespread human disease. Am J
Trop Med Hyg. 2010;82:746–54. https://doi.org/10.4269/
ajtmh.2010.09-0716

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 4, April 2021

1013

SYNOPSIS
32.

33.

34.

35.

36.

37.

38.

Ozioko KU, Okoye CI, Obiezue RN, Agbu RA. Knowledge,
attitudes, and behavioural risk factors regarding zoonotic
infections among bushmeat hunters and traders in Nsukka,
southeast Nigeria. Epidemiol Health. 2018;40:e2018025.
https://doi.org/10.4178/epih.e2018025
U.S. Geological Survey: Earth Resources Observation and
Science Center. Land use, land cover, and trends in Nigeria
[cited 2020 Oct 1]. https://eros.usgs.gov/westafrica/
land-cover/land-use-land-cover-and-trends-nigeria
Kreuder Johnson C, Hitchens PL, Smiley Evans T,
Goldstein T, Thomas K, Clements A, et al. Spillover and
pandemic properties of zoonotic viruses with high host
plasticity. Sci Rep. 2015;5:14830. https://doi.org/10.1038/
srep14830
Mucker EM, Chapman J, Huzella LM, Huggins JW,
Shamblin J, Robinson CG, et al. Susceptibility of marmosets
() to monkeypox virus: a low dose prospective model
for monkeypox and smallpox disease. PLoS One. 2015;
10:e0131742. https://doi.org/10.1371/journal.pone.0131742
Likos AM, Sammons SA, Olson VA, Frace AM, Li Y,
Olsen-Rasmussen M, et al. A tale of two clades:
monkeypox viruses. J Gen Virol. 2005;86:2661–72.
https://doi.org/10.1099/vir.0.81215-0
Nigeria Centre for Disease Control and Prevention.
Situation report: update of monkeypox outbreak in Nigeria,
2018 Feb 25 [cited 2020 Oct 2]. https://ncdc.gov.ng/
themes/common/files/sitreps/7ba9ce49faf09f5212c1dbb48
b31184b.pdf
Fenner F, Henderson DA, Arita I, Jezek Z, Ladnyi ID.
Smallpox and its eradication. Geneva: World Health
Organization; 1988.

39.

40.
41.
42.
43.

44.

45.

Kennedy JS, Frey SE, Yan L, Rothman AL, Cruz J,
Newman FK, et al. Induction of human T cell–mediated
immune responses after primary and secondary smallpox
vaccination. J Infect Dis. 2004;190:1286–94. https://doi.org/
10.1086/423848
Sackey J, Liverpool-Tasie S, Salau S, Awoyemi T.
Rural-urban transformation in Nigeria. J African Dev.
2012;14:131–68.
Farrell K. An inquiry into the nature and causes of Nigeria’s
rapid urban transition. Urban Forum. 2018;29:277–98
Jezek Z, Grab B, Dixon H. Stochastic model for interhuman
spread of monkeypox. Am J Epidemiol. 1987;126:1082–92.
https://doi.org/10.1093/oxfordjournals.aje.a114747
Public Health England. Cohort study of healthcare workers receiving Imvanex®. Clin Identifier NCT03745131. 2019.
[cited 2020 Oct 1]. https://clinicaltrials.gov/ct2/show/
NCT03745131
Petersen BW, Kabamba J, McCollum AM, Lushima RS,
Wemakoy EO, Muyembe Tamfum JJ, et al. Vaccinating
against monkeypox in the Democratic Republic of the Congo.
Antiviral Res. 2019;162:171–7. https://doi.org/10.1016/
j.antiviral.2018.11.004
Nigeria Centre for Disease Control and Prevention.
Weekly epidemiological report, week 17, April 2019 [cited
2020 Oct 1]. https://ncdc.gov.ng/reports/257/2020-aprilweek-17

Address for correspondence: Phi-Yen Nguyen, UNSW Sydney,
Kirby Institute, c/o Prof. Raina MacIntyre, Sydney, NSW 2052,
Australia; email: phiyen.nguyen@protonmail.com

EID Podcast:

Role of Oral Rabies Vaccines in Elimina�ng
Death in People from Dog Bites
Rabies vaccines are highly eﬀec�ve, but delivering them can be
challenging. The challenge is even greater for stray animals, which
might not trust a stranger trying to deliver a life-saving vaccina�on.
How can public health oﬃcials ensure that stray dogs
(and the people around them) are protected against rabies?
Some researchers may have an answer: Oral vaccines in dog treats.
In this EID podcast, Dr. Ryan Wallace, a CDC veterinary
epidemiologist, explains an innova�ve strategy for
delivering safe and eﬀec�ve oral vaccines.
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