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a b s t r a c t 

Objectives: Human monkeypox (MPX) cases are escalating worldwide. Smallpox vaccination, which was 

compulsory in Austria until 1981, was reported to confer 85% cross-protection against MPX. 

Methods: To assess the impact of smallpox vaccine-induced protection, the age-dependent vaccine- 

induced immunity against human MPX and the probability of infection according to age in the general 

population of Vienna, Austria, were determined using a modified susceptible-infected-removed model. 

Results: Within the population born before 1981, the average vaccine-induced protective effect was calcu- 

lated at 50.4%, whereas in the population born thereafter, protection was lacking. The overall probability 

of infection after exposure to an infected patient was calculated at 73.8%, which exceeds the threshold 

value of 46.9% for an index patient to infect at least one other person (R ≥1.0). 

Conclusion: Our model shows that if no additional interventions are taken, the collective immunization 

status of the population alone will not suffice to contain human MPX. Although the majority of cases 

have occurred in a subpopulation, given the steadily increasing incidence, dissemination into the general 

population remains possible, as observed before with HIV. Our model emphasizes the need for adequate 

containment measures and may aid in specific risk assessment because it can easily be adapted to other 

populations and cohorts worldwide. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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As of September 2, 2022, a total of 53,027 confirmed cases of 

uman monkeypox (MPX) affecting 93 nonendemic countries and 
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even countries in central and western Africa have been reported 

 Centers for Disease Control and Prevention, 2022 ). Since the iden- 

ification of the first case of this international outbreak on May 

, the number of cases has escalated steadily worldwide ( Mathieu 

t al., 2022 ). In this regard, the World Health Organization declared 

he outbreak a public health emergency of international concern 

n July 23, 2022. 

Human MPX is a zoonotic disease caused by the MPX virus 

MPXV), which is an enveloped, double-stranded DNA virus be- 

onging to the Orthopoxvirus genus ( Petersen et al., 2019 ). Recently, 

 new nomenclature has been proposed for the MPXV, terming 

he more virulent “Congo Basin” lineage as clade 1 and the “West 

frican” strain as clades 2 and 3, the latter constituting the 2022 

utbreak virus ( Happi et al., 2022 ; Petersen et al., 2022 ). After 

n average incubation period of 7-14 days, vesiculopustular, oc- 
iety for Infectious Diseases. This is an open access article under the CC BY-NC-ND 
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Figure 1. Human monkeypox lesions and regional lymphadenopathy. 
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asionally ulcerous lesions ( Figure 1 ) develop, which can general- 

ze and are frequently accompanied by fever and lymphadenopa- 

hy ( Bragazzi et al., 2022 ; Reynolds et al., 2006 ; Thornhill et al.,

022 ). The disease is generally self-limited, however, the clinical 

ourse may be more severe in children, pregnant women, and 

mmunocompromised individuals. Complications can include sec- 

ndary bacterial infections, sepsis, encephalitis, and corneal scar- 

ing. Transmission occurs after close contact with infected animals 

r humans and viral DNA is detected in infective skin and mucosal 

esions, body fluids including blood, saliva, semen, urine, and fe- 

es, or on contaminated fomites ( Adler et al., 2022 ; Fine et al.,

988 ; Nolen et al., 2015 ; Nörz et al., 2022 ; Peiró-Mestres et al.,

022 ). However, a hallmark of the present 2022 outbreak is the 

nprecedented predominance of sexually transmitted human MPX 

ases, which primarily affects the subpopulation of gay, bisexual, 

nd other men-who-have-sex-with-men (GBMSM) in Europe and 

he Americas ( Bragazzi et al., 2022 ; Philpott et al., 2022 ; Tarín-

icente et al., 2022 ; Thornhill et al., 2022 ). This is contrary to ob-

ervations from previous surveillance programs conducted in cer- 

ain African countries, where human MPX is endemic, and from in- 

ividual national outbreaks ( Beer and Rao, 2019 ; Fine et al., 1988 ;

ezek et al., 1988 ). 

Smallpox vaccination was reported to prevent smallpox in 

5% of the vaccinees ( Amanna et al., 2007 ; Metzger and Mord- 

ueller, 2007 ) and global eradication was achieved by the Inten- 

ified Smallpox Eradication Program in 1980, allowing the ces- 

ation of compulsory mass vaccination. The efficacy of the first- 

eneration smallpox vaccines against human MPX among house- 

old contacts was estimated in the order of 85% ( Fine et al., 1988 ).

revious estimations based on data obtained from Zaire reported 

n average annual primary attack rate of human MPX of 0.04 per 

0,0 0 0 in smallpox-vaccinated contact persons, whereas in nonva- 

cinated contacts, the rates were higher at 1.7 per 10,0 0 0 ( Jezek

t al., 1988 ). Among nonvaccinated household contacts of con- 

rmed cases, a recent pooled estimate indicated a secondary attack 

ate of approximately 8%, ranging from 0-11% ( Beer and Rao, 2019 ). 

In this study, we applied population data obtained from the 

atabase of the Federal Statistical Office of Austria (“Statistics 

ustria”) into a modified stochastic spatiotemporal susceptible- 

nfectious-removed (SIR) epidemic model. Under the assumption 

hat no additional concurrent measures to contain MPXV infections 

re introduced, this model allowed the assessment of the segre- 

ated age-dependent protection against human MPX by previous 

ompulsory smallpox vaccination and the probability of infection 

ccording to age in the population of a major European capital. 

ethods 

tudy population 

Publicly available data regarding the absolute numbers of the 

opulation of the capital of Austria, Vienna, according to the year 
108 
f birth were extracted from the database of “Statistics Austria,”

ated January 1, 2022 ( Statistik, 2022 ). The total population was 

ivided into two cohorts according to the year of birth, with the 

ear 1981 being the threshold when compulsory smallpox vacci- 

ation in Austria had ended. 

odel system 

The classical SIR model ( Kermack and McKendrick, 1927 ), an 

pidemic compartmental model for the prediction of the spread 

f an infectious disease with long-term immunity formation, was 

odified to assess the protective effect of smallpox vaccination 

gainst human MPX. Here, translated as a recursive exponential 

rowth function (extrapolation), the weights S (susceptible) and I 

infected ) are described at a certain time point t, and R (recov- 

red/removed) is represented as a probability distribution for in- 

ection. Therefore, I represents the number of initial index cases in 

he reference system (S), which is the entire cohort, to be extrapo- 

ated with a growth rate under the influence of R. Supplementary 

igure S1 illustrates the calculation process, and Supplementary Ta- 

le S1 shows the entire dataset. 

alculation of the susceptible and protected population according to 

ge 

The decay rate λ for vaccine-induced protection against small- 

ox was calculated from the reported half-life of 92 years ( Amanna 

t al., 2007 ). The proportion at risk for infection among individu- 

ls born in the year A at time t, S A,t , was determined under the

ssumption of a 100% vaccination rate for individuals born be- 

ore 1981, at the time of compulsory vaccination, and 0% after- 

ard. The variable t represents the year of interest (e.g., 2022). 

he value 0.85 refers to the smallpox vaccination-induced reported 

ross-protection against human MPX ( Fine et al., 1988 ). 

 A,t = 1 − ( A < 1981 ) e λ( t−A ) × 0 . 85 

Next, the fraction of the individuals born in the year A in the 

otal population, f A , was calculated by dividing the absolute num- 

er of individuals according to the year of birth by the absolute 

umber of the total cohort. The total proportion of susceptible in- 

ividuals at time t, S t , was calculated by summing over the birth 

ears A under consideration of the fraction of cohort A in the total 

opulation f A . 

 t = 

∑ 

A 

f A × S A,t 

As the fraction of infected individuals, I t , is negligibly small as 

ong as there is no major outbreak, the overall proportion of pro- 

ected individuals is given by R t = 1 - S t . 

etermination of epidemic growth 

According to the SIR model, the growth of the proportion of in- 

ected individuals is proportional to the product of I t × S t . Assum- 

ng an infectious cycle of length �, a simplified approach using 

he information on the basic reproduction number R 0 , gives the 

ollowing recursion equation for the first few cycles of a potential 

pidemic: 

 t+� = I t × S t × R o 

The infection cycle corresponds to the time period between two 

onsecutive cases in an infection chain. The length of the infec- 

ious cycle remains undefined in the present scenario and can be 

dapted as new information becomes available. 
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Figure 2. Absolute numbers of inhabitants in Vienna by age, as of January 1, 2022. 

Table 1 

Proportion of protection against human monkeypox and smallpox in individual age groups born before 1981 

Age group Fraction of total population Protection against human monkeypox Protection against smallpox 

41-50 years 13.4% 62.4% - 58.3% 73.4% - 68.6% 

51-60 years 13.9% 57.8% - 54.0% 68.1% - 63.6% 

61-70 years 9.6% 53.6% - 50.1% 63.2% - 59.0% 

71-80 years 7.4% 49.7% - 46.5% 58.6% - 54.7% 

81-90 years 3.4% 46.1% - 43.1% 54.3% - 50.8% 

91- ≥100 years 0.6% 42.8% - 40.0% 50.4% - 47.1% 

Mean 50.4% 59.3% 
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opulation characteristics 

The overall population of Vienna consisted of 1,931,830 inhab- 

tants with an age range from 0 to ≥100 years ( Figure 2 , Supple-

entary Table S1) as of January 1, 2022. The 406 individuals aged 

100 years represented 0.02% of the total population and were 

ubsumed into one group due to the lack of stratification by year 

f birth and documented maximum age in the database. The first 

ohort, encompassing 998,047 (51.7%) individuals born before 1981, 

as assumed to be immunized with the smallpox vaccine, and the 

econd cohort of 933,783 (48.3%) individuals born during or later 

han 1981 was presumed not to be immunized. 

rotection against human MPX and smallpox by previous compulsory 

mallpox vaccination 

On the basis of the annual decay rate for smallpox vaccination 

etermined at 0.007534208, protection in the cohort born before 

981 was calculated with an overall average protection of 59.3%, 

anging from 73.4% in individuals aged 41 years, who had the 

hortest interval from a previous smallpox vaccination, to 47.1% in 

ndividuals aged ≥100 years ( Table 1 , Figure 3 ). 

Using the estimated 85% smallpox vaccine-induced protection 

gainst MPXV ( Fine et al., 1988 ), the residual protection against 

uman MPX in the cohort born before 1981 was calculated lower, 

ith an overall rate of 50.4%, ranging from 62.4% for those aged 

1 years and gradually decreasing to 40.0% for those aged ≥100 

ears ( Table 1 , Figure 3 ). In contrast, for the population born dur-

ng or later than 1981, compulsory mass vaccination was discontin- 

ed, and the vaccine has not been available since this time. Hence, 

 vaccination rate of zero was assumed for the younger age group, 

ccounting for 933,783 unvaccinated individuals. 
109 
odeling of the early exponential growth of human monkeypox 

nfection 

In the present cohort, comprising vaccinated and unvacci- 

ated individuals, the average age distribution-dependent vaccine- 

nduced protection against human MPX was calculated at 26.24%. 

his corresponded to an average age distribution-dependent sus- 

eptibility rate for MPXV of 73.76%. Based on these parameters, the 

rowth dependencies of human MPX were determined. The basic 

eproduction number R 0 had a strong impact on the number of 

esulting incidences per infection cycle. Importantly, under the as- 

umption of a susceptibility fraction of 73.76% in the population 

f Vienna, the threshold for an increase in the number of infected 

ases was calculated at an R 0 of approximately 1.4. 

For the extrapolation, human MPX was assumed to have an 

verall basic reproduction rate of R 0 = 2.13 in the general pop- 

lation, as determined previously from the outbreak in the Demo- 

ratic Republic of the Congo in 1980-1984 ( Grant et al., 2020 ). With

n R 0 = 2.13, an epidemic growth would occur if the susceptible 

opulation exceeds 47%. Under the assumption of R 0 = 2.13 and a 

usceptibility fraction S t of 73.76%, an exponential growth with a 

eproduction factor of 1.57 cases per infection cycle would be esti- 

ated ( Figure 4 a). 

Using the recently reported estimates for R 0 obtained from 

he affected populations of different countries in Europe ( Kwok 

t al., 2022 ) and the calculated susceptibility rate S t of 73.76% 

or human MPX in Vienna, our model of the exponential growth 

howed that the threshold R 0 of approximately 1.4 for an epi- 

emic growth would rapidly be exceeded and an exponential in- 

rease of cases would have to be anticipated in this population 

 Figure 4 b). 

Consequently, in a worst-case scenario, that is if no additional 

easures are taken, our model illustrates that human MPX can 

ave the potential capacity for a large-scale distribution in Vienna 

wing to the incomplete protection of the population by the pre- 

ious compulsory smallpox vaccination. 
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Figure 3. Age-dependent protection by smallpox vaccination against human monkeypox and smallpox in the Viennese population born before 1981. 
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In this study, we modeled a possible scenario of introduction 

f human MPX into a major European capital of about 1.9 mil- 

ion inhabitants using population-based smallpox vaccine-induced 

mmunity data. Smallpox vaccination has been reported to elicit 

ong-lasting immunity against smallpox in the vaccinees ( Amanna 

t al., 2007 ; Hammarlund et al., 2003 ; Taub et al., 2008 ). For hu-

an MPX, the vaccine-induced cross-protective effectiveness was 

nferred from previous smallpox clinical studies and MPXV chal- 

enges in nonhuman primates ( Earl et al., 2004 ; Fine et al., 1988 ;

atch et al., 2013 ; Rimoin et al., 2010 ). The model presented herein

evealed that in the potential case of increasing dissemination of 

PXV, the collective immunization status of the population of Vi- 

nna would not suffice to effectively contain an epidemic outbreak, 

t least if no additional measures to control the spread of hu- 

an MPX are performed. We have not incorporated country- and 

limate-specific circumstances and individual drivers (e.g . lifestyle 

abits, sexual orientation, health conditions of persons at risk, 

ousehold composition, access to health care) into the calcula- 

ions but aimed for a comprehensive risk assessment based on the 

ge-dependent immunity to be applicable to a general population. 

ence, this model could easily be adapted to other populations and 

ohorts for specific risk assessment and might be useful for risk 

anagement initiatives in other countries where smallpox vacci- 

ation was discontinued around the same time or even earlier. 

In our population, it cannot be excluded that some individuals, 

articularly military personnel and health care workers, who were 

ent to countries known to be endemic for smallpox, were im- 

unized even after compulsory vaccination had ceased. However, 

hese numbers are very low and were considered negligible in our 

alculations of the general Viennese population. Contrary, some in- 

ividuals, particularly of the generations born between 1975 and 

981, may have escaped from mandatory smallpox vaccination or 

n some cases, the vaccine might not have been “taken” due to im- 

roper vaccine administration and resulting lack of live virus repli- 

ation. The exact numbers, however, are unknown owing to the 

ack of a nationwide register. 

In our model of the early growth period of infection, we first 

sed the reported estimate of R 0 = 2.13 for human MPX derived 

rom the population data of the Democratic Republic of Congo 

 Grant et al., 2020 ) to be applicable to a general population. During

his period, however, the smallpox vaccination coverage and the 

ubsequent protective immunity were still high in the population, 
110 
ontrary to the current 2022 situation four decades later, where 

accine-induced immunity is absent in individuals below the age 

f 40 years. Contrary to previous data derived from the surveil- 

ance programs in endemic African countries between the periods 

980-1987 and 20 05-20 07, where human-to-human transmission 

hrough airborne, household and nosocomial routes, and animal- 

o-human transmission were the main routes for the acquisition 

f infection ( Beer and Rao, 2019 ; Fine et al., 1988 ; Jezek et al.,

988 ), in the present outbreak, most human MPX cases were as- 

ociated with sexual transmission of the MPXV and were identi- 

ed among the social and sexual networks of GBMSM of younger 

ges, in whom smallpox vaccine-induced immunity is mostly lack- 

ng ( Bragazzi et al., 2022 ; Philpott et al., 2022 ; Tarín-Vicente et al.,

022 ; Thornhill et al., 2022 ). A recent study modeled the spread of 

PXV infection in the currently predominantly affected subpopu- 

ation of GBMSM and concluded that in the absence of effective in- 

erventions or behavioral changes, a sustained outbreak was likely 

or this subpopulation but not for the non-GBMSM population 

 Endo et al., 2022 ). Subsequent estimates of the transmissibility of 

he MPXV based on data obtained from the 2022 outbreak in the 

BMSM subpopulation within different European countries have 

alculated a R 0 rate in the range of 1.4 to 1.8 ( Kwok et al., 2022 ).

o far, the numbers of human MPX cases in the non-GBMSM pop- 

lation have not yet been high enough for a valid statement of 

 0 . However, our model of the exponential growth revealed that 

ith an R 0 of approximately 1.4 or higher, as currently reported in 

ther European countries ( Kwok et al., 2022 ), an epidemic growth 

ould be possible in Vienna, mainly owing to the declines in the 

opulation-level immunity. A recent elaborate study simulated an 

utbreak of human MPX in a fictional high-income population of 

0 million by taking the population’s sociocultural and movement 

rocesses into account ( Bisanzio and Reithinger, 2022 ). In their in- 

ervention scenarios, MPXV spread was reduced by the implemen- 

ation of effective preventive public health measures, contrary to 

he baseline scenario, in which no concomitant measures were per- 

ormed. Our study complements the studies by taking the age- 

pecific immunity induced by the previous smallpox vaccination 

nto account and applying it to an existing population of a major 

uropean capital. Another aspect is that sexual activity gradually 

anes with increasing age due to physiologic changes, declining 

ealth, and/or social factors. A limitation in our study is that the 

ndividuals belonging to the older cohort, who were born during or 

ater than 1981 and represent the group that had received small- 

ox vaccination, would presumably be less sexually active than the 
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Figure 4. a. Modeling of the exponential growth of infection in dependence of the total proportion of susceptible individuals in Vienna, S t , and a basic reproduction number 

R 0 of 2.13. b. Modeling of the exponential growth of infection in dependence of R 0 , employing the calculated susceptibility rate S t of 73.76% for Vienna. 
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ndividuals of the younger cohort, who were born after 1981 and 

ere not vaccinated. Although this poses a potential confounder in 

ur assessment of the smallpox vaccine’s protective efficacy over 

ifferent age groups, unfortunately an exact estimation of the sex- 

al activity in our population is not available. 

Although most human MPX cases in the present outbreak have 

een sexually transmitted, it is of utmost importance to keep in 

ind that the MPXV is not a disease that is inherent to GBMSM 

ut can be transmitted to anyone after contact with an infectious 

ase or contaminated material, regardless of sex or sexual ori- 

ntation. In addition, individual superspreaders or superspreading 

vents as well as unanticipated mutational evolution ( Wang et al., 

022 ) may potentiate the risk of viral distribution. Furthermore, 

he presence of detectable viremia during symptomatic infection 

nd sometimes lasting up to 3 weeks after resolution of infec- 

ive lesions ( Adler et al., 2022 ) has raised the concern for a po-

ential viral transmission through blood transfusion ( Jacobs et al., 

022 ). In this regard, lessons learned from HIV show that a disease 
111 
rst confined to a certain subgroup has the potential to spread 

o the general population ( Gonsalves et al., 2022 ), which has al- 

eady occurred in few instances with the MPXV ( Bruno et al., 2022 ;

utu van Furth et al. , 2022 ). 

In this study, we illustrated a possible, albeit a worst-case, sce- 

ario that could hypothetically become true if no additional ade- 

uate measures are performed. Given the steadily increasing num- 

ers of human MPX cases in the past weeks and months, the pos- 

ibility that MPXV infections might spill over to the general popu- 

ation exists, and it is uncertain whether the low numbers in the 

eneral population will be sustained in the nearest future. Hence, 

onsistent and strict public health interventions, such as early 

dentification and isolation of index cases at the community and 

ousehold level, tracing of contact persons, and active surveillance 

f potential clusters, are needed to control the dissemination of 

he disease. Investigations addressing open questions, such as the 

etermination of the transmission rates of the MPXV by different 

outes and the identification of the still unknown natural host, are 
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rgently warranted to contain further spread. Furthermore, con- 

rolled clinical trials for the evaluation of the protection rates of 

he newer generation smallpox vaccines and antivirals against hu- 

an MPX are required and the supply of sufficient vaccine doses 

or the recommended pre- and postexposure immunizations ( Rao 

t al., 2022 ) must be secured for all countries worldwide. Ulti- 

ately, as increasing introduction of the virus from animal habitats 

nto the human population can be assumed to be caused by the 

ontinuous reduction of natural wildlife reservoirs by deforesta- 

ion, climate change, and population movement to animal habitats 

o escape ongoing wars and political conflicts, global efforts for the 

reservation of natural wildlife-reserves and restrictions on animal 

rades, especially of wild rodents and nonhuman primates, should 

e established worldwide to prevent zoonotic transmission. 
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