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Abstract  

An estimated 110,000 babies are born with congenital rubella syndrome (CRS) worldwide 

annually; a significant proportion of cases occur in Southeast Asia. Rubella vaccine programs 

have led to successful control of rubella and CRS, and even the elimination of disease in 

many countries. However, if vaccination is poorly implemented it might increase the number 

of women reaching childbearing age who remain susceptible to rubella and thereby 

paradoxically increase CRS. We used an age-structured transmission model to compare seven 

alternative vaccine strategies for their impact on reducing CRS disease burden in East Java, a 

setting which is yet to implement a rubella vaccine program. We also investigated the 

robustness of model predictions to variation in vaccine coverage and other key 

epidemiological factors. Without rubella vaccination, approximately 700 babies are estimated 

to be born with CRS in East Java every year at an incidence of 0.77 per 1,000 live births. This 

incidence could be reduced to 0.0045 per 1,000 live births associated with 99.9% annual 

reduction in rubella infections after 20 years if the existing two doses of measles vaccine are 

substituted with two doses of measles plus rubella combination vaccine with the same 

coverage (87.8% of 9-month-old infants and 80% of 6-year-old children). By comparison a 

single dose of rubella vaccine will take longer to reduce the burden of rubella and CRS and 

will be less robust to lower vaccine coverage. While the findings of this study should be 

informative for settings similar to East Java, the conclusions are dependent on vaccine 

coverage which would need consideration before applying to all of Indonesia and elsewhere 

in Asia. 

 

Highlights 

 Transmission models are helpful for predicting the burden of rubella and CRS disease 

in settings lacking recent and specific epidemiological data, and for informing 

potential vaccination strategies.  

 Introducing rubella vaccine to East Java children at both 9 months and 6 years old 

could virtually eliminate CRS within 20 years, and would result in a more rapid 

decline in CRS cases and be more robust to lower achieved vaccine coverage 

compared to a single dose strategy at 9 months. 
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1. Introduction 

Rubella infection usually causes a mild self-limiting illness. However infection during 

pregnancy can result in foetal death or congenital rubella syndrome (CRS) which refers to a 

range of congenital defects including sensorineural deafness, heart abnormalities, cataracts 

and intellectual disability [1, 2].  

Despite major reductions in both rubella and CRS in many countries owing to rubella 

vaccination [1, 3-5], an estimated 110,000 annual births remain affected by CRS worldwide 

with almost half in South-East Asia [6]. In countries that have not implemented national 

rubella vaccination programs, the risk of CRS epidemics remains high [7, 8], constituting a 

leading cause of preventable congenital disorders [9]. Well-implemented rubella vaccination 

programs generally have a marked impact on the incidence of CRS and are usually considered 

highly cost-effective [3, 6, 10]. Three of the six World Health Organization (WHO) regions 

have set control or elimination targets for rubella and CRS with the Americas reaching its 

elimination goal [11]. Indonesia belongs to the WHO South-East Asian (SEA) Region which  

has resolved to control rubella/CRS by 2020 [12].  

CRS surveillance in most developing settings is insufficient to reliably estimate burden or 

monitor disease trends [13]. Mathematical modelling can play an important role in 

understanding the epidemiology of rubella and CRS in such countries and in predicting the 

potential impact of vaccination strategies, taking into account the observed experience in 

other settings [3, 14-17]. 

Both modelling and epidemiological studies have shown that a poorly implemented infant or 

early childhood vaccination campaign with low vaccine coverage has the potential to cause a 

paradoxical increase in the incidence of CRS [2, 14, 18-20]. This can occur if transmission is 

reduced rather than eliminated, resulting in the peak incidence occurring after early-mid 

childhood and increasing the incidence of rubella among women of childbearing age [14, 21]. 

Some have argued targeting vaccination to girls in early adolescence minimises the risk of 

paradoxical increases in CRS [2, 14, 22]. However, this can leave the population vulnerable 

to on-going epidemics of rubella and CRS as has been observed  in Japan [6, 23].  



Because of these concerns, the WHO recommends rubella vaccine be introduced to the 

routine immunization program with a wide age range campaign if a country has maintained at 

least 80% coverage with measles-containing vaccine [2, 11]. While Indonesia has only 

recently exceeded 80% coverage, this requirement has been met for a number of years in East 

Java, a province of 37.5 million people [24]. In the absence of recent and specific rubella and 

CRS surveillance in this location, we applied an age-structured transmission model to inform 

the effectiveness of alternative rubella vaccine strategies in East Java, a setting with no 

existing rubella vaccine program nor stated detailed plan to introduce one, supported by 

Indonesian demographic data and informed by estimates of key epidemiological parameters 

from comparable settings. 

 

2. Methods  

2.1 Model description 

We used a deterministic compartmental model based on an SEIR structure (Susceptible, 

Latent, Infectious, and Recovered or Vaccinated) stratified by single years of age, as in 

Anderson and May [14], Hethcote [25] and Gao et al. [3] with additional heterogeneity in 

contacts among age groups. The model was applied to estimate the current burden of disease 

from rubella and CRS in East Java and to investigate the impact of alternative vaccination 

strategies on reducing this burden from both direct benefit of vaccine and indirect benefit 

through herd immunity.  A constant population was considered with all deaths occurring at 

70 years informed by recent demographic and health survey data for East Java (Table 1) [26, 

27]. A detailed description of the model is provided in Appendix 1.  

2.2 Model outputs 

Results are presented as the number of rubella infections, the incidence (per 1000 live births) 

and number of CRS cases, the number and cost of vaccine doses implemented in a given 

program based on published MR vaccine prices by UNICEF [28], and the incremental cost-

effectiveness ratio of a given rubella vaccination strategy beyond the cost of the existing 

program per case of CRS prevented.  

The incidence of CRS cases per 1000 live births, Incd, has been used to measure the burden 

of CRS and to evaluate the impact of implemented vaccine programs. Incd at time t was 

estimated using a catalytic model [3, 8, 29, 30]:  

Incd(t) = 0.65                –                     
    × 1000 

where F( ) is the age-specific birth rate for women between 15 and 49 years old in Indonesia 

[26]; θ is 16/52 years representing the first 16 weeks of pregnancy which is the risk period for 

infection. S(a,t) and        are model derived parameters reflecting the age-specific 

proportion of women susceptible to rubella infection and the age-specific force of infection 

respectively at time t. The estimated risk of CRS among infected pregnant women is 0.65 

with assumed negligible risk in late pregnancy [15].  

The cumulative number of CRS cases over a given period of time T (in years) is:   

CRST =  
                               

    
            

   , 



where t is the time (in years) after vaccine introduction, and Incd(t) is used to estimate the 

cumulative number of CRS cases, based on the population in East Java N and an estimated 

crude birth rate of 0.023 for Indonesia [26].   

The incremental cost-effective ratio (ICER) of a given vaccine scenario n over a comparator 

scenario m over time horizon T was calculated as the additional cost of vaccination to prevent 

one additional case of CRS (assuming no additional costs to the delivery of the vaccine 

program): 

ICERT (                 ) = 
                                   

                                    
 

A 5% annual discount rate was applied to both prevented cases of CRS and vaccine costs in 

each subsequent year after the vaccine introduction (at t = 0) over the nominated time 

horizon. 

 

2.3 Scenario design 

The existing measles vaccination program utilizes a single attenuated virus vaccine produced 

in Indonesia.  This is scheduled at 9 months and 6 years old, with its coverage reported at 

80% (95% CI 78.1% - 82.2%) nationally and 87.8% (95% CI 81.8% - 93.8%) in East Java in 

2010 estimated from provincial-level survey data on representative samples stratified by 

gender, age and urban-rural areas [26]. A modification to the national vaccination campaign 

to replace measles-only vaccine with a MR vaccine would require minimal change to the 

program. Under the base case assumption that actual MR coverage would be the same as 

currently reported for measles vaccine, we considered seven alternative rubella vaccine 

strategies based on the schedule of the existing measles program.  

In Scenario 1, Universal Infant program, MR is substituted for measles-only vaccine at age 9 

months while children at age 6 years continue to receive a measles-only vaccine. In Scenario 

2, School 6 program, MR is substituted for measles-only vaccine at age 6 years while infants 

at age 9 months continue to receive a measles-only vaccine. In Scenario 3, Measles 

Modification program, a MR vaccine substitutes for measles-only vaccine at both age 9 

months and 6 years. In Scenarios 4 to 6, we consider three catch-up programs (Catch-up 6, 

Catch-up 15, and Catch-up 40) where in addition to routine MR vaccination at 9 months and 

6 years, a broad catch-up campaign where MR is implemented at the same time for all those 

younger than 6, 15, or 40 years old respectively. In Scenario 7, Adolescent 12 program, MR 

vaccine is introduced for girls only at age 12 years. In Appendix 2, we provide a detailed 

description of each strategy. If a country introduces combined MR vaccine, WHO 

recommends all future vaccine doses should use the combined vaccine; however, we have 

aligned those scenarios (1, 2 and 7) against this recommendation with their alternatives to 

provide a more comprehensive comparison.  

2.4 Sensitivity analyses 

We conducted sensitivity analyses to assess the robustness of our predictions to variations in 

vaccine coverage. This variation was applied to the scenarios with the additional assumption 

that vaccine coverage in older age groups (above 1 year old) is always lower than that in 

infants (aged 9 months). In the absence of local contact pattern data, we investigated the 



impact of various age-specific transmission patterns in urban and rural areas associated with 

different R0. Finally, we investigated the impact of varying the rate of imported rubella cases 

on scenarios of interest. 

 

3. Results  

3.1 Burden of disease in East Java 

Due to the lack of recent applicable data from Indonesia, the modelled population immunity 

from natural infection was used to estimate the current burden of disease from rubella and 

CRS in East Java. Our model estimates were similar to the observed age-specific proportion 

immune to rubella in South-East Asian and Western Pacific countries before rubella vaccine 

introduction (Figure 1, left) including a seroepidemiology study of East Java from 1968 [31]. 

The right panel in Figure 1 shows the annual incidence of rubella infections by age in East 

Java, 517,293 cases in total assuming disease equilibrium and no rubella vaccine program. 

With an estimated mean age of infection at approximately 10.2 years old (dashed), the 

infection rates are approximately 10-fold higher in children than adults, with a substantial rate 

of rubella infection in women of child-bearing age. The estimated incidence of CRS per 1,000 

live births is approximately 0.77 at equilibrium (Figure 2, thick solid light grey), which 

corresponds to approximately 700 CRS cases annually in East Java.  

3.2 Scenario analysis 

Seven alternative vaccine strategies were simulated to be introduced at t=0, and their impacts 

on Incd(t) over 50 years are presented in Figure 2. Compared with the control target > 95% 

annual reduction in rubella burden planned to be adopted by WHO SEA region by 2020 [32], 

under the Universal Infant program (Scenario 1), we expect 99.8% annual reduction in 

rubella infection 50 years after vaccine introduction, and Incd(t) fluctuates before it 

monotonically decreases to a value below 0.01 at 19 years (Figure 2, blue). Under both 

School 6 (Scenario 2) and Adolescent 12 (Scenario 7) programs, a significant number of 

rubella and CRS cases would still be expected 50 years after implementation (Figure 2, red 

and dash-dot black curves, with 77.3% and 11.6% annual reduction in rubella, respectively). 

By contrast, under the Measles Modification and its Catch-up programs (Scenarios 3 to 6), 

rubella burden drops by 99.9% at 50 years since the vaccine implementation and CRS 

incidence decreases to below 0.01 within 13 years (Figure 2, solid black and dashed grey 

curves). Scenarios 1 and 3 to 6 are most likely to meet the rubella control target within 20 

years.  

Compared with the no vaccine scenario (Table 2), the smallest number of accumulated CRS 

cases in the first 20 years after rubella vaccine introduction (260) is achieved in the 

comprehensive Catch-up 40 program at a discounted ICER of $US1098 per CRS case 

prevented. We estimate the discounted ICER of the Universal Infant program would be only 

$US357 for each case of CRS prevented but due to on-going fluctuations in CRS incidence 

4,547 CRS cases would still occur over the first 20 years. The Measles Modification program 

would prevent almost 4,000 more cases of CRS than the Universal Infant program over this 

period, at a discounted ICER of $US591 over the Universal Infant program and a discounted 

ICER of $US440 over the no vaccine scenario (Table 2). In Appendix 3, we compared 



vaccine scenarios using a cost-effectiveness frontier, and showed how the discounted ICERs 

vary over a range of parameters including the time horizon and vaccine coverage.  

 

3.3 Sensitivity analyses 

The impact of vaccine coverage was assessed for the Universal Infant and Measles 

Modification programs. For the Measles Modification program, we assumed that the vaccine 

coverage among 6-year-old children is less than that in infants (aged 9 months) and the 

additive vaccine immunity for 2 doses was adjusted accordingly. The cumulative incidence of 

rubella infections over 100 years would greatly increase from approximately 2.5 to more than 

11 million if the actual coverage of the Universal Infant program was reduced from the base 

case estimate of 87.8% to 70% or lower (Figure 3, top); and this would be associated with a 

significant increase in CRS incidence and failure in rubella control (less than 80.6% annual 

reduction compared with the target > 95%). Similar patterns were observed for lower vaccine 

coverage of the Measles Modification program (Figure 3, bottom), however this strategy 

appeared more robust to reductions in vaccine coverage. Control of rubella would be 

achieved by this program if no less than 70% 9-months and 60% 6-year-old children are 

vaccinated. The potential impact of low vaccine coverage on ICERs and the average age of 

infection is discussed in detail in Appendix 4. 

Assuming an Italy-derived contact pattern resulted in a different age distribution of infection 

compared with the Kenya-derived contact pattern in the absence of vaccine [33, 34], with 

small differences in the modelled impact of the universal infant and measles modification 

strategies at different coverage levels (Figure 4). However, the Kenya scenario is less robust 

to drops in vaccine coverage. The rate of imported rubella cases appeared to have a small 

impact (Appendix 5). 

 

4. Discussion  

There is a strong need to introduce rubella vaccine to developing regions and countries. Our 

modelling analysis of implementing rubella vaccination in East Java suggests that modifying 

the current measles vaccination program to include a combined measles-rubella vaccine for 

infants at 9 months and children at 6 years is likely to be an effective strategy for reducing 

annual rubella burden > 95% and CRS incidence to <0.01 per 1,000 live births in 20 years 

with little risk of a paradoxical increase. A > 95% reduction in annual rubella burden is a 

control target that has been proposed for adoption by SEA region [32] and a CRS incidence to 

<0.01 per 1,000 live births was set by the European Region for the elimination of CRS by 

2015 [35]. However, control and elimination of rubella/CRS might only be achieved if MR 

vaccines are delivered with similar coverage to the existing measles vaccine program. Wide 

age-range supplementary immunization activities should be considered to accelerate the 

disease elimination process by improving vaccine coverage. This proposed strategy concords 

with the recommendations of the Strategic Advisory Group of Experts Working Group [5, 9], 

and its age schedule for vaccination is similar to those in the WHO American Region [36, 37] 

where rubella and CRS elimination has been achieved. The findings of this study can be 

generalised to developing country settings similar to East Java. The coverage achieved for the 



existing measles vaccine is expected to be the major barrier for such adaptation of our 

proposed strategy, in particular given that WHO South-East Asia appears to experience the 

lowest reported infant coverage (75%) worldwide [24]. 

In countries that have not yet implemented rubella vaccination, the seroprevalence of anti-

rubella antibodies increases with age according to the intensity and pattern of circulation of 

rubella in the population. Current standard surveillance of rubella in Indonesia massively 

underestimates the disease burden; compared with the approximately 3,000 cases of rubella 

infection reported for all of Indonesia each year [24], there are over half a million cases in 

East Java annually predicted in our model. 5 to 15% of pregnancies are at risk of rubella 

infection [10, 15], resulting in our estimate of approximately 700 babies born with CRS in 

East Java annually at an incidence of 0.77 per 1,000 live births. This CRS incidence is 

comparable to surveillance conducted across a number of developing countries and at the 

conservative end of a range between 0.5 and 2.2 per 1,000 live births [7, 38].  

If the existing measles vaccine program is modified to replace all measles-only vaccines with 

MR vaccines (Measles Modification program), approximately 99.9% of rubella infections and 

94% (12,593/13,357) of CRS cases could be prevented at an incremental cost of $US5.4 

million in direct vaccine costs over a 20-year time period. The discounted ICER estimated for 

the Measles Modification program over the no vaccine scenario of $US440 per CRS case 

prevented is much less than the lifetime cost for treating a child with CRS which has been 

estimated at $US50,000 in developing countries [10]. However, the cost-effectiveness is 

influenced by the achieved vaccine coverage. Our model showed that providing rubella 

vaccine only at age 9-months (the Universal Infant program) without a second scheduled 

dose is less robust to reduced vaccine coverage and fails to meet the rubella control target if 

the coverage drops below 80%. Highly effective elimination of CRS may also be achieved by 

high vaccine coverage in routine infant vaccination program together with catch-up to age 14 

years, this has been shown through a recent modelling study in Vietnam[17].  

An infant or early childhood vaccine program with low coverage might also lead to an 

increase in the mean age of infection if transmission is slowed but not interrupted [2]. Similar 

to modelling studies in other settings [14, 39], we found that low levels of vaccine coverage 

would be much less effective, with potential for paradoxical increase in CRS cases as a result 

of shifting the burden of rubella infection into older age-groups. We showed that the mean 

age of rubella infection could increase from 10 to the early childbearing ages (over 15 years 

old) if the vaccine coverage drops from the current 87.8% for 9-month-old infants and 80% 

for 6-year-old children to 70% and 60%, respectively. Although East Java has had good 

coverage with measles vaccine for several years [26], Indonesia currently does not report 

cases of CRS to the WHO, and the lack of sufficient surveillance on rubella and CRS may 

undermine efforts to control and eliminate rubella disease. Since early 2000, surveillance 

networks have been established in countries like Bangladesh which has introduced routine 

rubella vaccine (as MR at 9 months) since 2014 [38, 40, 41]. The maintenance of high 

coverage together with effective and ongoing disease surveillance have been considered vital 

for successful rubella control and eradication [13]. 

The mathematical models used here help provide an understanding of the relative impacts of 

alternative vaccine strategies. The estimates under each scenario are affected to varying 

degrees by the uncertainty in the measurement of various disease, geographical and cultural 



factors [42, 43]. For example, the value of R0 of rubella infection during an epidemic (the 

expected number of secondary cases per infected individual) can range widely from 3 to 12 in 

different settings [6, 16, 21], being largely influenced by region-specific social contact 

patterns. Given the limited local data, we compared the empirical contact patterns observed in 

two contrasting countries (Italy [33] and Kenya [34]), with both analyses suggesting 

vaccination would be highly cost-effective at existing levels of vaccine coverage. As 

documented elsewhere [16], the pre-vaccination burden of CRS and the benefit from 

immunisation tend to decrease with higher R0 and if this were significantly higher, the cost-

effectiveness of vaccine program may become poorer. High-R0 settings are likely to face a 

higher risk of breakthrough rubella epidemics [17]. This underscores the importance of 

maintaining high vaccine coverage and sufficient disease surveillance in East Java once a 

rubella vaccine program has been successfully implemented, given the potential future source 

of rubella infections from inter-province importation [44]. The number of CRS cases due to 

imported rubella may decrease if rubella vaccination is introduced nationwide across 

Indonesia. However, there are potential delays in nationwide introduction due to high spatial 

heterogeneity in the coverage of relevant vaccine programs within Indonesia (the lowest 

reported coverage is 49% in Papua [26]). As recommended by WHO and SAGE group, wide 

age-range SIAs could help to close this vaccine coverage and immunity gaps across 

provinces [9]. 

There were a number of limitations to the modelling study in addition to those discussed 

above. We did not have data to reliably inform the total costs and utilities associated with the 

treatment of CRS in Indonesia. For simplicity, we ignored the protective effect of passively 

acquired maternal antibodies against infection in infancy [14], assuming instead that infants 

are susceptible from birth. The relatively simple modelling framework applied here could be 

extended to be structurally more realistic depending on potential questions of interest. For 

instance, demographic change such as declining birth rates can be investigated using an SEIR 

model with varying population [45, 46], where reduced fertility rate will be associated with 

delayed infection due to reduced influx of susceptibles. The impact of heterogeneity in 

achieved vaccine coverage for example caused by supplementary immunisation activities 

could be studied using more sophisticated contact patterns.  

 

5. Conclusions 

In support of the WHO recommendation for introducing rubella vaccine to countries that 

achieve 80% coverage of measles vaccine, this study found that substituting either the 9-

month or both the 9-month and 6-year-old measles vaccine with a combined measles-rubella 

vaccine is highly likely to be effective and cost-effective. The latter approach would result in 

a more rapid decline in CRS cases and would be more robust to lower achieved vaccine 

coverage under contact patterns in both developed and developing settings.  
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Table 1.  Model variables and parameters 

Variables Description 

S(a, t) Susceptible individuals 

E(a, t) Exposed individuals in the latent period 

I(a, t) Infected individuals 

R(a, t) Immunised individuals after recovery or vaccination 

Parameters Description Default estimate 

N East java Population 37.5 × 10
6
 [1] 

β(a, a’) Contact coefficient of age a with all age classes a’ Italian all-contact data from 

Mossong et al., 2008 [2] 

λ(a, t) Force-of-infection of an age a at time t Calculated upon β(a, a’), I(t) and 

imported cases of infection 

R0 Basic reproductive number during pre-vaccination period 4.2 for Italy [3] 

vc Vaccine coverage for infants at age 0 87.8% [1] 

 Vaccine coverage for age groups 1 to 12 80% [1, 4]  

 Vaccine coverage for age groups 13 and 14 60% 

 Vaccine coverage for age groups above 14 40% 

ve Vaccine efficacy for single-dose MR vaccine 95% [5] 

 Vaccine efficacy for two-dose MR vaccine 99% [5] 

P(a) Proportion effectively immunised by vaccination in an 

age group a 

Calculated upon vc and ve 

1/σ Duration of latent period in days 10 [3, 6] 

1/α Duration of infectious period in days 11 [3, 6] 

ϕ(t) Predicted susceptible proportion in the risk group (aged 

15-40) 

Calculated from the model 

θ Risk period of gestation 16/52 years 

c1 Cost of a measles vaccination in $US2011 0.23 [7] 

c2 Cost of a measles and rubella combination vaccination in 

$US2011 

0.53 [7] 
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Table 2: Comparing outcomes of alternative vaccine strategies over 20 years 

Scenario \ Estimates  

9
 m

o
n

th
 

6
 y

ea
r 

C
a

tc
h

-u
p

 

Rubella in 

millions 

Annual 

reduction in 

rubella to no 

vaccine 

CRS20 Total 

reduction in 

CRS cases 

Total number 

of doses in 

millions 

Incremental 

costs ($US in 

millions) 

Undiscounted ICER20 

to no vaccine ($US/ 

prevented CRS case) 

Discounted ICER20 to 

no vaccine ($US/ 

prevented CRS case) 

No Rubella Vaccine N N N 10.34 0 13,357 0 0 0 N/A N/A 

1. Universal Infant Y N N 2.40 99.7% 4,547 66.0% 9.41 2.82 320.35 357.22 

2. School 6 N Y N 2.10 77.7% 4,067 69.6% 8.57 2.57 276.79 277.39 

3. Measles Modification Y Y N 0.45 99.9% 764 94.3% 17.98 5.39 428.32 440.15 

4. Catch-up 6 Y Y Y 0.28 99.9% 600 95.5% 20.12 6.53 511.83 571.33 

5. Catch-up 15 Y Y Y 0.17 99.9% 314 97.6% 23.33 8.23 631.24 761.65 

6. Catch-up 40 Y Y Y 0.16 99.9% 260 98.1% 28.69 11.07 845.43 1,098.29 

7. Adolescent 12 N N N 9.36 10.8% 9,860 26.2% 4.29 2.27 649.59 739.93 
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Figure 1: Estimated burden of rubella in absence of vaccine introduction. Left: Age-specific 

seropositivity for rubella in East Java and comparable settings. The solid blue curve 

represents the estimated proportion of East Java population in each age group immune to 

rubella virus at the model equilibrium. Estimated prevalence of anti-rubella antibodies in 

Surabaja, East Java in 1968 was presented as circles in blue [1]. Proportion of women with 

protective rubella antibody in Taipei, Taiwan, 1979 is shown using circles in black [2]. 

Observed data of both genders at age 0 to 60 from Papua New Guinea between 2006 and 

2008 [3] is shown as triangles in dark grey. Observed data of pregnant women between 17 

and 45 from Nha Trang, Vietnam in 2009 [4] is presented as crosses in grey. Immunity to 

rubella in women of child-bearing age in Cambodia, 2012, is shown using squares in light 

grey [5]. Right: Estimated annual rubella incidence by age at equilibrium with no vaccine, 

with total annual estimate in parenthesis. The mean age of infection calculated from these 

simulated data is approximately 10.2 years as indicated using a dashed black vertical line. All 

parameter values used are given in Table 1.  
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Figure 2. Incidence of CRS per 1,000 live births (Incd) under alternative vaccine strategies 

over 50 years. The vaccine coverage of each alternative vaccine program is as described in 

Appendix 2. The annual reduction in rubella infection (compared with pre-vaccination 

equilibrium) and the value of Incd at 50 years after the introduction of rubella vaccine is 

provided for each scenario in parentheses. All parameter values used are given in Table 1. 

 



 

 

Figure 3. CRS incidence per 1,000 live births (Incd) over time under different levels of 

vaccine coverage. The vaccine coverage for newborns at age 0, vc(0) = 87.8%, 80%, 70%, 

60% and 50%; and that for 6-year-old children vc(6) = 80%, 70%, 60%, 50% and 40%, 

respectively. Top: The Universal Infant program. Bottom: The Measles Modification 

program. The cumulative incidence (in millions) of rubella infections over 100 years, and the 

reduction in annual rubella cases compared with no vaccine for each scenario is provided in 

parentheses. Under the Measles Modification program, the additive vaccine efficiency on 

patients who receive two doses was adjusted accordingly with dropped vaccine coverages as 

describe in Appendix 2. All other parameter values used are given in Table 1. 

 



 

Figure 4. Age-specific cumulative number of rubella infections under the Universal Infant 

program (left) and the Measles Modification program (right) and different contact patterns 

(top: Italy with R0=4.2, bottom: Kenya with R0=8 [6-8]).  The results demonstrated are for 

the risk age group over 20 years since the vaccine introduction. The vaccine coverage for 

newborns at age 0, Vc(0) = 87.8%, 80%, 70%, 60% and 50%; and that for 6-year-old children 

Vc(6) = 80%, 70%, 60%, 50% and 40%. All other parameter values used are given in Table 1. 
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