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Abbreviations 

OR, odds ratio;  

CI, confidence interval;  

HIV, human immunodeficiency virus;  

IPD, invasive pneumococcal disease; 

PCV, pneumococcal conjugate vaccine; 

PCV7, serotypes included in the 7-valent pneumococcal conjugate vaccine;  

PCV13, serotypes included in the 13-valent pneumococcal conjugate vaccine. 
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Abstract 

The limited capabilities in most low-middle income countries to study the bebfit of 

pneumococcal conjugate vaccine (PCV) against invasive pneumococcal disease (IPD), calls 

for alternate strategies to assess this. We used a mathematical model, to predict the direct and 

indirect effectiveness of PCV by analysing serotype specific colonization prevalence and IPD 

incidence prior to and following childhood PCV immunization in South Africa. We analysed 

IPD incidence from 2005 to 2012 and colonization studies undertaken in HIV-uninfected and 

HIV-infected child-mother dyads from 2007-2009 (pre-PCV era), in 2010 (7-valent PCV era) 

and 2012 (13-valent PCV era). We compared the model-predicted to observed changes in 

IPD incidence, stratified by HIV-status in children >3months to 5 years and also in women 

aged >18-45 years. We observed reductions in vaccine-serotype colonization and IPD due to 

vaccine serotypes among children and women after PCV introduction. Using the changes in 

vaccine-serotype colonization data, the model-predicted changes in vaccine-serotype IPD 

incidence rates were similar to the observed changes in PCV-unvaccinated children and 

adults, but not among children <24 months. Surveillance of colonization prior and following 

PCV use can be used to impute PCVs’ indirect effects in unvaccinated age groups, including 

in high HIV-prevalence settings.  

Keywords: HIV, invasive pneumococcal disease, mathematical model, pneumococcal 

carriage, pneumococcal conjugate vaccine 

Word count: 195 words 

3496 main text 
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Introduction 

Nasopharyngeal colonization by Streptococcus pneumoniae precedes pneumococcal disease, 

hence, serotypes identified in invasive pneumococcal disease (IPD) are mostly identical to 

that in the nasopharynx at the time of illness (1-3). Children vaccinated with pneumococcal 

polysaccharide-protein conjugate vaccines (PCV) have an approximately 50% reduced risk of 

vaccine-serotype nasopharyngeal colonization acquisition compared to unvaccinated 

children(4). Since young children are the main source of transmission of the pneumococcus 

(1), targeted PCV-immunization of children has interrupted transmission of vaccine-serotypes 

within communities (5). Consequently, reduction in prevalence of vaccine-serotype 

nasopharyngeal colonisation has also been described among PCV-unvaccinated individuals at 

the household and community level  (5-10).  

Concurrently, a decline in the incidence of vaccine-serotype IPD among PCV-vaccinated and 

-unvaccinated individuals has been observed along with reductions in colonization (11-13). In 

the USA, the indirect effect of childhood PCV-immunization has resulted in 2- to 10-fold 

greater number of IPD cases prevented among PCV-unvaccinated adults than among the 

childhood age-groups targeted for vaccination (11, 14). There is a paucity of data from low-

middle income countries, mainly due to the lack of robust IPD surveillance systems to assess 

effectiveness of childhood PCV-immunization in protecting against IPD among PCV-

unvaccinated age-groups (15, 16). Such information could inform on the public health benefit 

and cost-effectiveness of childhood PCV immunization. Weinberger et al. proposed that 

ecological studies on nasopharyngeal vaccine-serotype and non-vaccine serotype colonization 

prior to and following childhood PCV-immunization introduction may be useful to impute 

the direct and indirect effectiveness of vaccination against IPD, which was validated in high-

income and low-HIV prevalence settings (17). 
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The aim of this study was to analyse the direct and indirect effects of infant PCV-

immunization on nasopharyngeal colonization and IPD among HIV-infected and HIV-

uninfected children and women in Soweto, South Africa. Furthermore, we evaluated the fit of 

the model proposed by Weinberger et al. to determine whether temporal changes in vaccine-

serotype colonization relative to childhood PCV-immunization were predictive of the direct 

and indirect effects of PCV against IPD (17).     

Methods 

Study population 

A series of pneumococcal colonization studies were undertaken in mother-child pairs in 

Soweto (Gauteng, South Africa), with a population of 1.8 million of whom 160,000 are under 

five years of age (18). We enrolled HIV-infected and HIV-uninfected children aged >3 

months to 5 years and their mothers aged >18-45 years. We specifically targeted enrolling 

mothers of the children, since in our setting women have greater contact with children than 

men, which may contribute to their having a higher incidence of IPD (particularly due to 7-

valent PCV (PCV7) serotypes) than men  (19). The prevalence of HIV amongst pregnant 

women (29%-30%) and those 15-49 years of age (20%) has remained stable in the 

community since 2005 (20). The mother-to-child transmission rate of HIV had, however, 

declined from 8% in 2008 to 1.5% by 2012 (21).  

During the study period, >90% of the Sowetan population sought medical care at Chris Hani 

Baragwanath Academic Hospital. Although community deaths are not known, a good 

transport network and free healthcare mean that they are few community deaths (Shabir A 

Madhi, University of the Witwatersrand, unpublished data). The effectiveness of infant PCV-

immunization against IPD in this community was included in a recent national analysis on 

IPD trends in South Africa in relation to PCV introduction into the national immunization 



6 
 

program (22). This study provides temporal changes in incidence of IPD in children and 

women from Soweto.     

Details of PCV introduction into the South African immunization program have been 

previously described  (23) and are included in the web appendix 1. Briefly, PCV is given at 6 

and 14 weeks with a booster dose at 9 months in South Africa. 

Pneumococcal colonization studies in Soweto (2007 to 2012) 

Prior to  introduction of PCV7, we undertook a longitudinal cohort study to investigate the 

dynamics of pneumococcal transmission in HIV-uninfected mother-child pairs between 

January 2007 and April 2009 (pre-PCV era) (24). Briefly, the study showed an association of 

vaccine serotype acquisition between young children and their mothers (25), with children 

transmitting PCV7-serotypes more often to their mothers than vice-versa (24). Subsequently, 

two cross-sectional colonization prevalence surveys in mother-child pairs with concordant 

HIV-status were undertaken in the same population in 2010 (PCV7-era) and 2012 (PCV13-

era) as described (23). We demonstrated a reduction of PCV7-serotype colonization 

regardless of HIV-status in mothers and their children with a concomitant increase in non-

vaccine serotype colonization in children but not in the mothers between 2010 and 2012  

(23). We transformed longitudinal data into cross-sectional data by randomly selecting a 

single visit for each mother-child pair that participated in the longitudinal study. 

In the colonization studies, nasopharyngeal swabs were collected in children and 

nasopharyngeal and oropharyngeal swabs from the mothers. The methods of sample 

collection, laboratory processing  and serotyping have been previously described (7) and 

included in the web appendix 1.  

Invasive pneumococcal disease surveillance (2005-2012) 
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Nationwide laboratory based surveillance for IPD including at Chris Hani Baragwanath 

Academic Hospital, has been previously described (22) and is detailed in the web appendix 1.  

Statistical analysis 

PCV7-serotypes were defined as any of 4, 6B, 9V, 14, 18C, 19F and 23F. The additional 

serotypes included in PCV13 (i.e. 1, 3, 5, 6A, 7F and 19A) were categorised as PCV13 

additional serotypes. Additionally, we analysed serotype 6A separately to investigate cross 

protection from serotype 6B. All non-PCV13 serotypes were categorized as non-vaccine 

serotypes. Non-viable isolates were pro-rated based on identified serotypes, based on their 

similarity of distribution when analysed by PCR (26).  

Incidence of IPD for children >3 months to 2 years and 2-5 years old, and adults 18-45 years 

of age were calculated by dividing the annual number of IPD cases identified by mid-year 

population estimates for Soweto (18). The average IPD incidence between 2005 and 2008 

represented the pre-PCV era incidence and was compared to that observed in 2010 and 2012; 

the percentage change and absolute differences were calculated. The 95% confidence interval 

(95%CI), constructed using a Poisson distribution and test-based methods (27), was used to 

evaluate the significance of the observed changes in IPD. The Chi-square test was used to 

assess differences in proportions. Since HIV prevalence among IPD cases in years prior to 

2008 may have been underestimated because of a lower proportion of cases having been 

tested for HIV (70% in 2005 vs. >88% in 2012), we used a previously developed method to 

account for this potential bias (22). 

Colonization prevalence was compared in the different study-periods stratified by HIV-status 

(23). Colonization prevalence pre- and during the PCV-eras (for adults limited to women 

only) were used to estimate colonization prevalence ratio (i.e., carriage post-vaccine divided 

by carriage pre-vaccine) through a weighted regression model proposed by Weinberg et al. 
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(17). The estimated prevalence ratio was then used to calculate the expected IPD incidence 

post-PCV introduction. We predicted IPD incidence for all serotypes, PCV7-serotypes, 

PCV13-additional serotypes and non-vaccine serotypes based on the changes in observed 

prevalence of pneumococcal colonization for these serotype groups between the pre-PCV era 

and 2010 and 2012. This was undertaken for HIV-uninfected children aged >3 months to 2 

years and for HIV-infected and HIV-uninfected women 18-45 years age. For HIV-infected 

children aged >3 months to 2 years old and for children >2-5 years of age regardless of HIV 

status, in whom pre-PCV colonization data were unavailable, the predicted incidence of IPD 

using colonization prevalence in 2010 (PCV7-era) was compared to 2012 (PCV13-era). Pro-

rating of non-viable serotypes was not possible to implement in the model, therefore we only 

predicted disease changes due to viable serotypes, and we compared these to observed IPD 

changes that were due to viable serotypes only. 

 Ethics 

The Human Research Ethics Committee at the University of the Witwatersrand approved all 

components of this study (Ethics Numbers: HREC 050705, M060359 and M090015) 

Informed written consent was obtained from participants in the colonization studies.  

Results 

Temporal changes in pneumococcal colonization among children 

Compared to the pre-PCV era, there was a reduction in both PCV7-serotype and PCV13 

additional serotype colonization prevalence among HIV-uninfected children aged >3 months 

to 2 years in 2012 (Figure 1A and web Table 1), among whom the colonization prevalence 

between the pre-PCV era and 2012 decreased for all-serotypes from 66.4% to 56.6% (odds 

ratio (OR) = 0.66,  95% confidence interval (CI): 0.44, 0.98), PCV7-serotypes from 30.4% to 

9.6% (OR = 0.24, 95% CI: 0.16, 0.38) and PCV13-additional serotypes from 10.4% to 4.2% 
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(OR = 0.38, 95% CI: 0.19, 0.73). Notably, a trend towards decline for PCV7-serotype 

colonization in this age-group, particularly HIV-uninfected, was already evident within one 

year of PCV7 introduction (OR = 0.72, 95%CI: 0.46,1.12). 

In contrast, colonization prevalence due to PCV13-additional serotypes between the pre-PCV 

era and 2010 was similar (10.4% vs. 13.5%; OR = 1.34, 95% CI: 0.71, 2.54), decreasing to 

4.2% one year post PCV13 introduction.  Compared to the pre-PCV era, the prevalence of 

non-vaccine serotype colonization increased from 25.6% to 42.9% by 2012 (OR = 2.18, 95% 

CI: 1.42, 3.34) (Figure 1A and Web Table 1).  

Pneumococcal colonization in women 

Overall, the prevalence of pneumococcal colonization in women was 19.9% in the pre-PCV 

era, which decreased to 15.2% (OR = 0.72, 95% CI: 0.51, 1.01) and then 11.3% (OR = 0.51, 

95% CI: 0.36, 0.73) by 2010 and 2012, respectively (Web Table 1). Stratifying by HIV-

infection status, overall pneumococcal prevalence declined from 22.4% in the pre-PCV area 

compared to 9.7% in 2010 and 9.7% in 2012 (OR = 0.37, 95% CI: 0.23, 0.60) among HIV-

uninfected women. Among HIV-infected women prevalence remained unchanged between 

pre-PCV and 2010 (17.5% vs. 20.5%, OR = 1.22, 95% CI: 0.74, 1.99) and 2012 (17.5% vs. 

13.9%, OR = 0.76, 95% CI: 0.45, 1.27). See Figures 1B and 1C, and Web Table 1. PCV7-

serotype colonization remained unchanged between pre-PCV era and 2010 (4.0% vs. 3.9%) 

but declined to 0.7% in 2012 (OR = 0.18, 95% CI: 0.06, 0.57) among HIV-uninfected 

women, whilst in HIV-infected women it decreased from 10.3% in the pre-PCV era to 5.3% 

in 2010 (OR = 0.48, 95% CI: 0.25, 0.94) and 2.5% in 2012 (OR = 0.22, 95% CI: 0.10, 0.47).  

There was a trend towards reduced colonisation with PCV13-additional serotypes, from 3.2% 

in the pre-PCV era to 1.5% in 2010 (OR = 0.46, 95% CI: 0.14, 1.48) and 1.3% in 2012 (OR = 

0.39, 95% CI: 0.12, 1.22), in HIV-uninfected women, but colonisation remained unchanged 
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in HIV-infected women (range: 2.3% to 3.3%). There was a decline in non-vaccine serotype 

colonization among HIV-uninfected women between the pre-PCV era (15.2%) compared to 

2012 (7.7%; OR = 0.47, 95% CI: 0.27, 0.80), and a non-significant increase in colonisation 

with non-vaccine serotypes among HIV-infected women (4.8% in pre-PCV era vs. 9.0% in 

2012; OR = 1.99, 95% CI: 0.84, 4.73)Web. 

Changes in invasive pneumococcal disease 

Invasive pneumococcal disease in children 

Overall trends in IPD for children aged >3 months to 2 years and >2-5years are reported in 

Web Table 2. 

Among HIV-uninfected children >3 months to 2 years old, the annual incidence (per 100,000 

persons) of PCV7-serotype IPD decreased by 84.9% in 2010 (from 68.6 in the pre-PCV era 

to 10.3; P<0.001) and by 96.4% in 2012 (from 68.6 in the pre-PCV era to 2.5; P<0.001) 

(Figure 2A and web Table 2). Similarly, among HIV-uninfected children >2-5years age, the 

incidence of PCV7-serotype IPD declined by 83.3% in 2010 (from 8.6 in the pre-PCV era to 

1.4; P=0.016), whilst no PCV7-serotype IPD cases were recorded in 2012 (100% reduction; 

P<0.001) (Figure 2C and Web Table 2).  The incidence of IPD attributable to PCV13-

additional and non-vaccine serotypes remained unchanged for both childhood age-groups 

between the pre-PCV era up until 2012.  

Among HIV-infected children >3 months to 2 years old, the incidence of PCV7-serotype IPD 

declined by 62.4% in 2010 (from 1,341 in the pre-PCV7 era to 504.7; P=0.001) and by 

86.1% in 2012 (from 1,341 in the pre-PCV7 era to 184.4; P<0.001) (Figure 2B and Web 

Table 2). Furthermore, the incidence (per 100,000) of IPD attributable to PCV13-additional 

serotypes declined from 268.2 in the pre-PCV era to 63.1 in 2010 (P=0.055), whilst no cases 
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were observed in 2012 (100% reduction; P=0.009). The incidence of non-vaccine serotype 

IPD remained unchanged among the >3 months to 2 years age-group of HIV-infected 

between the pre-PCV era and 2012. Among older (>2 to 5 years) HIV-infected children, 

PCV7-serotype IPD incidence (per 100,000) declined from 389.0 in the pre-PCV era to 244.7 

in 2010 (a 37.1% reduction; P=0.124), and 38.9 in 2012 (90%; P=0.061), albeit this change 

was not statistically significant (Figure 2D and Web Table 2). Similar to HIV-uninfected 

children, the incidence of PCV13-additional serotypes and non-vaccine serotype IPD was 

unchanged between the pre-PCV era until 2012.    

Invasive pneumococcal disease in women of childbearing age 

Among HIV-uninfected women, the annual incidence (per 100,000 persons) of IPD 

attributable to all serotypes, PCV7-serotypes, PCV13-additional serotypes and non-vaccine 

serotypes were 114, 43, 48 and 21, respectively in the pre-PCV era (Figure 2E and Web 

Table 3). The incidence of PCV7-serotype IPD subsequently declined by 63.9% in 2010 

(P=0.016), whilst no PCV7 cases were observed in 2012 (a 100% reduction; P<0.001). 

Similar declines (84.0%) were observed in incidence of PCV13-additional IPD (P=0.001), 

whilst non-vaccine serotype IPD incidence remained the same between the pre-PCV era and 

2012 (1.1 vs. 0.4; P=0.076).   

The incidence of IPD attributable to all serotypes, PCV7-serotypes, PCV13-additonal 

serotypes and non-vaccine serotypes in HIV-infected women were 1,216, 388, 428 and 332, 

respectively in the pre-PCV era (Figure 2F and Web Table 3). The incidence of PCV7-

serotype IPD had declined by 42.1% (P<0.001) by 2010 and by 83.1% in 2012 (P<0.001). 

Similarly, there was a 26.7% reduction in PCV13-additional serotype IPD between the pre-

PCV era and 2010 (109.2 vs. 80.0 per 100,000; P=0.004), with a further decline by 2012 

(67.6% compared to the pre-PCV era; P<0.001) (Figure 2F and Web Table 3). A more 
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modest decline in incidence (per 100,000) of non-vaccine serotype IPD, from 84.7 in the pre-

PCV era to 59.9 in 2012 (29.2%; P=0.005), was detected.  

Serotype 6A IPD was unchanged for both HIV-infected and HIV-uninfected individuals 

during the study period. 

Evaluation of a model using temporal nasopharyngeal colonization data to predict IPD 

incidence  

Model results in children 

Among HIV-uninfected children >3 months to 2 years old, the model underestimated the 

decline in all-serotype IPD (viable serotypes only) between the pre-PCV7 era and 2012 

(observed 91.7% vs. predicted 53.5%; Figure 3A) and similarly for both PCV7-serotype 

(observed 98.7% vs. predicted 72.1%, Figure 3C) and PCV13-additional serotype IPD 

(observed 91.9% vs. predicted 62.2%, Figure 3E), albeit with overlapping 95%CI  for the 

latter  (See also Table 1). Similar results were obtained for all PCV13 serotype IPD (Figure 

4A). For the viable non-vaccine serotype IPD, the observed reduction was 64.0%, whereas 

the model predicted a significant 44.9% increase; Figure 4C and Table 2. Similar trends were 

observed when comparing the pre-PCV era to 2010. 

In older HIV-uninfected children (>2-5years), who were unvaccinated with PCV at the 2010 

nasopharyngeal sampling time point (PCV having been introduced into the EPI in 2009, with 

no catch-up campaign), the model underestimated the observed decline in PCV7-serotype 

IPD (observed 100% vs. predicted 36.8%, Figure 3C). The wide confidence interval for 

PCV13-additional and non-vaccine serotypes did permit further comparison of the observed 

and predicted changes in this in this age-group (Figure 3E and 4C, Table 2). 
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Among HIV-uninfected women, comparing the pre-PCV era and 2012, the observed 

reduction in all-serotype IPD (93.1%) was higher than the model-predicted estimate (79.8%) 

(Figure 3B and Table 1). Observed reductions were also higher for PCV7-serotype IPD 

(100% vs. 88.8%, Figure 3D) and PCV13-additional serotypes (96.4% vs. 69.9%, Figure 3F) 

compared to the model estimates; Similar results were obtained for all combined PCV13 

serotype IPD (Figure 4B). However, observed and model estimates were similar for non-

vaccine serotype IPD reductions (79.0% vs. 78.8%, Figure 4D).      

Similarly, among HIV-infected women, when comparing the pre-PCV era to 2012, the 

model-predicted reductions slightly underestimated the observed estimates in IPD for all-

serotypes (observed 86.2% vs. predicted 73.0%, Figure 3B) and PCV7-serotype (observed 

94.5% vs. predicted 80.0%, Figure 3D), but was similar to observed reductions in IPD 

attributable to non-vaccine serotypes (observed 72.5% vs. predicted 72.6%, Figure 4D). The 

model predicted-estimate in reduction of IPD attributable to PCV13-additional serotypes 

from 2010 to 2012 was lower compared to observed reduction (observed 67.9% vs. predicted 

31.4%) (Table 1, Figure 3F). Overall, the differences between model predictions and 

observed changes were small for children >2 years and adults, but very large for children 

below 2 years of age. 

Discussion 

Our study suggests that the introduction of PCV into the South African immunization 

program resulted in reduction of vaccine serotype IPD among HIV-infected and HIV-

uninfected children less than 5 years of age and adults aged 18 to 45 years, which was also 

reflected by changes in pneumococcal nasopharyngeal colonization (23).  In our setting, 

which has a high prevalence of HIV that is associated with 8.2-fold risk of IPD among adults 

(28), we demonstrated that measuring temporal trends in nasopharyngeal colonization in 
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relation to introduction of PCV into the public immunization program could be used as a 

proxy to determine the likely association of PCV against IPD among HIV-infected and HIV-

uninfected women. This was evident from the magnitude of a model-predicted reduction in 

vaccine-serotype IPD being similar to the observed reductions in adults, as well as child age-

groups too old to have been vaccinated. However, among the child age-group targeted for 

vaccination, especially if HIV-uninfected, using changes in prevalence of nasopharyngeal 

pneumococcal colonization to estimate the contribution of PCV to decreases in vaccine-

serotype IPD under-estimated its effectiveness. This is most likely due to the model not 

accounting for the direct efficacy of PCV in preventing vaccine-serotype IPD in this age-

group, which is mediated through humoral induced immunity that is more efficacious in 

preventing vaccine-serotype IPD than nasopharyngeal colonization (29). 

The observed and model-predicted reductions in IPD were similar in PCV-unvaccinated 

females 18-45 years of age when comparing the pre-PCV era to the PCV7 and PCV13 eras. 

This was evident among HIV-uninfected and HIV-infected women, the latter of whom had a 

higher prevalence of pneumococcal (including vaccine-serotype) colonization (19, 30-33) and  

IPD incidence in the pre-PCV era (22). As the model estimates were similar to observed 

reductions in IPD incidence, this suggests that the decrease in IPD post-vaccine introduction 

was a result of decreases in prevalence of vaccine-serotypes colonization, likely through an 

interruption of transmission of these serotypes by vaccinating young children (12).  

The direct and indirect associationss of PCV on IPD incidence observed in our setting is 

similar to that initially observed in the USA, in which childhood  PCV7 immunization 

reduced vaccine-serotype IPD among the vaccinated children as well as older PCV-

unvaccinated age groups such as the high-risk elderly (11, 12, 34). In our population, the 

decrease in IPD among individuals 19-45 years old represents a potential significant public 

health benefitof infant PCV immunization, as this adult age-group has the highest prevalence 
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of HIV in South Africa [20]. Similar to elsewhere, the reductions in vaccine-serotype IPD 

among the HIV-uninfected adults in South Africa (22) is most likely attributable to the  

indirect associations of infant PCV-immunization reducing transmission of the vaccine-

serotypes to this population. It is, however, also possible that co-incidental secular reductions 

in transmission of the vaccine serotypes may have contributed to this decline. Among HIV-

infected individuals, in addition to the indirect associations of PCV, the increased availability 

of ART could also have contributed to the observed reduction in IPD, which may explain the 

trend for the observed reduction in IPD generally being higher than the model-predicted 

estimates as well as the reduction in colonization and IPD due to non-vaccine serotypes (22).  

In children, we observed substantial replacement in nasopharyngeal colonization by non-

vaccine pneumococcal serotypes, although there was a non-significant increase in non-

vaccine serotype IPD. In the UK, despite an increase in non-vaccine serotype colonization 

post-PCV, there was a net reduction in IPD and this was attributed to lower invasiveness of 

these serotypes (35). In the USA, the incidence of IPD due to non-vaccine serotypes, 

particularly 19A, increased by 58% among children aged less than 2 years and by 135% in 

children aged 2-4 years in the post-PCV7 period compared to the pre-PCV7 introduction 

period (36). This  was manifest as early as three years post-PCV7 introduction (36, 37). 

Similarly in the UK, serotype 19A IPD increased significantly following PCV7 vaccination 

of infants (35). However, increases in IPD attributable to serotype 19A have also been 

described in unvaccinated communities (38). In our population, transitioning from PCV7 to 

PCV13 (which includes 19A as part of its formulation) within a short period of time may 

have prevented additional 19A invasive disease.  

Limitations of our study include the absence of carriage data for HIV-infected children prior 

to the introduction of PCV in the national immunization program, so some analyses were 

limited to HIV-uninfected children. However, the HIV mother-to-child transmission rate in 
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South Africa is now under 3% (21) and will continue to fall with improvements in HIV care 

and treatment, further reducing the role of HIV on the burden of IPD in children. We did not 

analyse the changes in IPD due to PCV on HIV-exposed uninfected children, who may still 

remain at high risk of IPD (39). Furthermore, our study did not have the power to detect 

significant IPD changes by individual vaccine serotypes.  

An inherent limitation of the model that we evaluated is that some of the additional serotypes 

included in PCV13, especially serotypes 1 and 5, account for up to a fifth of IPD in African 

children and are rarely identified as colonizing serotypes in otherwise healthy individuals (40, 

41). It is possible that the observed and model-predicted changes in IPD might differ more  

should there be an outbreak of disease from these serotypes, which are known to temporally 

fluctuate more than many of the other serotypes included in PCV13 and cause epidemics of 

varying proportions (42). 

Our data show that changes in colonization in unvaccinated individuals following vaccine 

introduction can approximate IPD changes in the same population and can potentially be used 

in resource limited settings to predict post-PCV introduction changes in IPD including in 

HIV-infected populations.  
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Figure captions 

Figure 1. Comparison of pneumococcal carriage prevalence in children and women in 

Soweto, South Africa in three periods January 2007 – April 2009, May 2010 – February 2011 

and May 2012-April 2013. Comparisons are for all pneumococcus, PCV7, additional 6 

serotypes in PCV13 and non-PCV13 serotypes between pre-PCV (periods January 2007 – 

April 2009) and (i) May 2010 – February 2011 (2010) and (ii) May 2012-April 2013 (2012). 

Age categories are: (A): HIV-uninfected children >3months to 2 years, (B): HIV-uninfected 

women 18-45 years, and (C): HIV-infected women 18-45 years.  

 

Figure 2. Invasive pneumococcal disease incidence in children and adults in Soweto, South 

Africa, 2005 to 2012. Age categories are: (A): HIV-uninfected children >3months to 2 years, 

(B): HIV-infected children >3 months to 2 years, (C): HIV –uninfected children >2 to 5 

years, (D): HIV-infected children >2 to 5 years, (E): HIV-uninfected w >18 to 45years and 

(F): HIV-infected adults >18 to 45 years 

  

Figure 3. Comparison of observed and model-predicted IPD changes in children and women 

in different time periods. (A): All pneumococci IPD in children, (B): All pneumococci IPD in 

women, (C): PCV7 serotype IPD in children, (D): PCV7 serotype IPD in women, (E): 

Additional PCV13 serotype IPD in children and (F): Additional PCV13 serotype IPD in 

women.  

 

Figure 4. Comparison of observed and model-predicted IPD changes in children and women 

in different time periods. (A): All PCV13 serotype IPD in children, (B): All PCV13 serotype 

IPD in women, (C): Non-PCV13 serotype IPD in children and (D): Non-PCV13 serotype IPD 

in women.  

 

 

 

 

 

 

 

 

 

 

 



18 
 

Acknowledgments 

Author affiliations: Medical Research Council: Respiratory and Meningeal Pathogens 

Research Unit, University of the Witwatersrand, Johannesburg, South Africa (Susan A. 

Nzenze, Shabir A. Madhi, Tinevimbo Shiri, David P. Moore, Marta C. Nunes); Department 

of Science and Technology/National Research Foundation: Vaccine Preventable Diseases, 

University of the Witwatersrand, Johannesburg, South Africa (Susan A. Nzenze, Shabir A. 

Madhi, Tinevimbo Shiri, David P. Moore, Marta C. Nunes); National Institute for 

Communicable Diseases (NICD): a division of the National Health Laboratory Service 

(NHLS), Sandringham, South Africa (Shabir A. Madhi, Linda de Gouveia, Stefano tempia, 

Anne von Gottberg); Division of Infectious Diseases, Department of Medicine, Chris Hani 

Baragwanath Hospital and the University of the Witwatersrand, Johannesburg, South Africa 

(Alan S. Karstaedt); Influenza Division, Centers for Disease Control and Prevention, Atlanta, 

USA (Stefano Tempia); School of Pathology, Faculty of Health Sciences, University of the 

Witwatersrand, Johannesburg, South Africa (Keith P. Klugman, Anne von Gottberg). Hubert 

Department of Global Health, Rollins School of Public Health, and Division of Infectious 

Diseases, School of Medicine, Emory University, Atlanta, Georgia (Keith P. Klugman) 

Support for this project was provided by funding through the Department of Science and 

Technology/National Research Foundation: South African Research Chair Initiative in 

Vaccine Preventable Diseases and the Medical Research Council: Respiratory and Meningeal 

Pathogens Research Unit. 

We would like to thank Dr Daniel Weinberger for sharing his SAS code for this work 

Conflict of interest: Shabir A. Madhi has received research funding and honoraria from Pfizer 

and GlaxoSmithKline. Anne von Gottberg has received research funding from Pfizer. The 

other authors report no conflicts of interest. 



19 
 

References 

 

1. Gray BM, Converse III  GM, Dillon Jr HC. Epidemiologic studies of Streptococcus pneumoniae 
in Infants: Acquisition, Carriage and Infection during the first 24 mnths of life. J Infect Dis 
1980; 142(6):923-933. 

2. Lloyd-Evans N, O’Dempsey TJD, Baledeh I, et al. Nasopharyngeal carriage of pneumococci in 
Gambian children and in their families. Pediatr Infect Dis J 1996; 15(10):866-871. 

3. Mastro TD, Nomani NK, Ishaq Z, et al. Use of nasopharyngeal isolates of Streptococcus 
pneumoniae and Haemophilus Influenzae from children in Pakistan for surveillnance for 
antimicrobial resistance. Pediatr Infect Dis J 1993; 12(10):824-830. 

4. De Waroux OL, Flasche S, Prieto-Merino D, et al. The Efficacy and Duration of Protection of 
Pneumococcal Conjugate Vaccines Against Nasopharyngeal Carriage: A Meta-Regression 
Model. Pediatr Infect Dis J 2015; 34 (8): 858-864. 

5. Millar EV, Watt JP, Bronsdon MA, et al. Indirect effect of 7-valent pneumococcal conjugate 
vaccine on pneumococcal colonisation among unvaccinated household members. Clin Infect 
Dis 2008; 47(8):989-996. 

6. Hammitt LL, Bruden DL, Butler JC, et al. Indirect effect of conjugate vaccine on adult carriage 
of S pneumoniae: an explanation of trends in invasive pneumococcal disease. J Infect Dis 
2006; 193(11):1487-1494. 

7. Nzenze SA, Shiri T, Nunes MC, et al. Temporal changes in pneumococcal colonization in a 
rural-African community with high HIV-prevalence following routine infant pneumococcal-
immunization. Pediatr Infect Dis J 2013; 32(11):1270-1278. 

8. Roca A, Hill P C, Townend J, et al. Effects of Community-Wide Vaccination with PCV-7  on 
Pneumococal Nasopharyngeal Carriage in The Gambia: A Cluster-Randomised Trial. PLoS 
Med 2011; 8(10): e1001107 . 

9. Givon-Lavi N, Fraser D, Dagan R. Vaccination of day care centre attendees reduces carriage 
of Streptococcus pneumoniae among their younger siblings. Pediatr Infect Dis J 2003; 
22(6):524-532. 

10. O’Brien KL, Millar EV, Zell ER, et al. Effect of Pneumococcal Conjugate Vaccine on 
Nasopharyngeal Colonisation among Immunized and Unimmunized Children in a Community 
Randomized Trial. J Infect Dis 2007; 196(8):1211-1220. 

11. MMWR. Direct and indirect effects of routine vaccination of children with 7-valent 
pneumococcal conjugate vaccine on incidence of invasive pneumococcal disease--United 
States, 1998-2003. Morb Mortal Wkly Rep, 2005; 54(36):893-897. 

12. Whitney CG, Farley MM, Hadler J, et al. Decline in invasive pneumococcal disease after the 
introduction of protein-polysaccharide conjugate vaccine. N Engl J Med 2003; 348(18):1737-
46. 

13.       Cherian T.WHO expert consultation on serotype composition of pneumococcal conjugate 
vaccines for use in resource-poor developing countries, 26-27 October 2006, Geneva. 
Vaccine 2007 ;25(36):6557-6564. 

14. Simonsen L, Taylor RJ, Schuck-Paim C, et al. Effect of 13-valent pneumococcal conjugate 
vaccine on admissions to hospital 2 years after its introduction in the USA: a time series 
analysis. The Lancet Respiratory Medicine 2014;2(5):387-94. 

15. Davis SM, Deloria-Knoll M, Kassa HT, et al. Impact of pneumococcal conjugate vaccines on 
nasopharyngeal carriage and invasive disease among unvaccinated people: Review of 
evidence on indirect effects. Vaccine 2013;32(1):133-45. 

16. Madhi SA, Nunes MC. The potential impact of pneumococcal conjugate vaccine in Africa: 
Considerations and early lessons learnt from the South African experience. Human vaccines 
& immunotherapeutics 2016; 12(2): 314-325. 

17. Weinberger DM, Bruden DT, Grant LR, et al. Using pneumococcal carriage data to monitor 
postvaccination changes in invasive disease. Am J Epidemiol 2013;178(9):1488-95. 



20 
 

18. Statistics South Africa, STATSSA. Gauteng Sub-District Popualtion Midyear Estimates 2005-
2012. [Personal Correspondence from Mrs Andy Valashiya, Directorate: Information 
Management; Department of Health: Andy.Valashiya@gauteng.gov.za] [information 
supplied on 13.05.2013] 

19. Buie KA, Klugman KP, von Gotteberg A, et al. Gender as a risk factor for both antibiotic 
resistance and infection with pediatric serogroups/serotypes, in HIV-infected and un-
infected adults with pneumococcal bacteremia. J Infect Dis 2004;189 (11):1996-2000. 

20. Acturial Society of SOuth Africa (ASSA), Full and Provincial AIDS and Demographic Models. 
Documentaton about the model is available at http: www.acturialsociety.org.za 

21. Barron P, Pillay Y, Doherty T, et al. Eliminating mother-to-child transmission in South Africa. 
Bulletin of the World Health Organisation 2013;91(1):70-74. 

22. von Gottberg A, de Gouveia L, Tempia S, et al. Effects of Vaccination on Invasive 
Pneumococal Disease in South Africa. N Engl J Med 2014; 371(20):1889-1899. 

23. Nzenze SA, von Gottberg A, Shiri T, et al. Temporal changes in pneumococcal colonization in 
HIV-infected and HIV-uninfected mother-child pairs following transitioning from 7-valent to 
13-valent pneumococcal conjugate vaccine, Soweto, South Africa. J Infect Dis 2015; 212(7): 
1082-1092. 

24. Shiri T, Auranen K, Nunes MC, et al. Dynamics of pneumococcal transmisison in vaccine-
naive children and their HIV-infected or HIV-uninfected mothers during the first 2 years of 
life. A J Epidemiol 2013;178(11):1629-1637. 

25. Nunes M, Shiri T, van Niekerk N, et al. Acquisition of Streptococcus pneumoniae in 
pneumococcal conjugate vaccine-naive south african children and their mothers. Pediatr 
Infect Dis J 2013;32(5):e192-295. 

26. Magomani V, Wolter N, Tempia S, et al. Challenges of using molecular serotyping for 
surveillance of pneumococcal disease. J Clin Microbiol 2014;52(9):3271-3276. 

27. Sahai H, Khurshid A, eds. Statistics in Epidemiology, Methods, Techniques and Applications. 
Florida: CRC Press; 1996. 

28. Jones N, Huebner R, Khoosal M, et al. The impact of HIV on Streptococcus pneumoniae 
bacteremia in a South African population. AIDS 1998; 12(16):2177-2184. 

29. Aliberti S, Mantero M, Mirsaeidi M, et al. The role of vaccination in preventing 
pneumococcal disease in adults. Clin Microbiol Infect 2014;20 Suppl 5:52-58. 

30. Blossom DB, Namayanja-Kaye G, Nankya-Mutyoba J, et al. Oropharygeal colonization by 
Streptococcus pneumoniae among HIV-infected adults in Uganda: assessing prevalence and 
antimicrobial susceptibility. Int J Inf Dis 2006; 10(6):458-464. 

31. Heinsbroek E, Read JM, Tafatatha T, et al. Effect of antiretroviral therapy on pneumococcal 
carriage in HIV-positive adullts in Karonga District, Malawi. [abstract 306]. Pneumonia. 2014; 
3(290): 31 

32. Nunes M, Shiri T, van Niekerk N, et al. Pneumococcal carriage in HIV-infected and HIV 
uninfected mothers in South Africa [abstract 163 ] . Presented at the International 
Symposium on Pneumococci and Pneumococcal Disease, Iguacu Falls, Brazil, March 11-15, 
2012. 

33. Onwubiko C, Swiatlo, E and McDaniel LS. Cross-Sectional Study of Nasopharyngeal Carriage 
of Streptococcus pneumoniae in Human Immunodeficiency Virus-Infected Adults in the 
Conjugate Vaccine Era. J Clin Microbiol 2008; 46(11):3621-3625. 

34. Whitney CG, Moore MR eds. Direct and indirect effectiveness and safety of pneumococcal 
vaccine in practice. Washington, DC: American Society for Microbiology press, 2008. 

35. Flasche S, Jan Van Hoek A, Sheasby E, et al. Effect of pneumococcal conjugate vaccination on 
serotype-specific carriage and invasive disease in England: A cross-sectional study. PLoS 
Med2011;8(4):e1001017. 



21 
 

36. Kyaw MH, Lynfield R, Schaffner W, et al. Effect of the introduction of the pneumococcal 
conjugate vaccine on drug-resistant streptococcus pneumoniae. N Engl J Med 2006; 
354(14):1455-1463. 

37. Pelton SI, Huot H, Finkelstein JA, et al. Emergence of 19A as virulent and multidrug resistant 
pneumococcus in Massachusetts following universal immunization of infants with 
pneumococcal conjugate vaccine. Pediatr Infect Dis J 2007;26(6):468-472. 

38. Choi EH, Kim SH, Eun BW, et al. Streptococcus pneumoniae serotype 19A in children, South 
Korea. EI D 2008;14(2):275-281. 

39. von Mollendorf C, von Gottberg A, Tempia S, et al. Increased Risk for and Mortality From 
Invasive Pneumococcal Disease in HIV-Exposed but Uninfected Infants Aged <1 Year in South 
Africa, 2009-2013. Clin Infect Dis 2015; 60(9): 1346-1356. 

40. Haudsdorff  WP, Feikin DR and Klugman KP. Epidemiological differences among 
pneumococcal serotypes. Lancet Infectious Diseases 2005; 5(2):83-93. 

41. Hausdorff  WP, Bryant J, Paradiso PR and Siber GR. Which Pneumococcal serogroups cause 
the most invasive disease: implications for conjugate vaccine formulation and use, Part I. Clin 
Infect Dis 2000; 30(1):100-121. 

42. Mollendorf C, Cohen C, Tempia S, et al. GERMS-SA. Epidemiology of Serotype 1 Invasive 
Pneumococcal Disease, South Africa, 2003–2013. EID 2016;22(2):261-270. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



22 
 

Table 1: Observed and model-predicted changes in overall incidence of invasive pneumococcal disease and disease due to vaccine serotypes  

HIV Status, 
Age, and Time 
Period 

All Pneumococcal Disease PCV7-Serotype Disease1 Additional PCV-13 Serotype Disease2 

Observed IPD Predicted IPD Observed IPD Predicted IPD Observed IPD Predicted IPD 

% 
Change 

95% CI % 
Change 

95% CI % 
Change 

95% CI % 
Change 

95% CI % 
Change 

95% CI % 
Change 

95% CI 

Children 

HIV negative 

 3 months to 2 years 

  Pre-PCV 
era3 vs. 2010 

-87.9 -93.6 to -78.8 -20.2 -32.1 to -7.64 -94.5 -98.5 to -85.4 -29.6 -43.3 to -13.5 -74.7 -91.6 to -36.0 -24.8 -10.5 to 71.2 

  Pre-PCV 
era vs. 2012 

-91.7 -96.1 to -84.2 -53.5 -62.2 to -42.7 -98.7 -100 to -92.5 -72.1 -80.1 to -61.4 -91.9 -99.1 to -67.4 -62.2 -81.1 to -27.1 

  2010 vs. 
2012 

-26.2 -44.6 to -2.27 -12.9 -32.2 to 10.2 -76.2 -99.5 to 140.8 -55.3 -69.5 to -35.8 -68.2 -96.9 to 77.7 -69.3  -82.8 to -46.7 

  >2 years to 5 years 

   2010 vs. 
2012 

-0.71 -81.5 to 133.1 3.39 -32.1 to 46.9 -100 - -36.8 -60.3 to -0.37 -0.71 -92.8 to 1270 -54.2 -72.7 to -25.2 

HIV positive 

 >3 months to 2 years 

  2010 vs. 
2012 

-9.11 -64.8 to 129.5 -11.4 -25.6 to 4.31 -45.5 -91.2 to 155.4 -35.1 -51.3 to -14.7 -100 - -14.0 -53.6 to 54.6 

  >2 years to 5 years 

  2010 vs. 
2012 

-60.1 -89.1 to 24.4 -28.3 -40.6 to -14.1 -12.3 -98.9 to 120.0 -56.1  -68.8 to -39.2 -43.0 -90.8 to 167 -25.4 -55.3 to 21.4 

Mothers (18-45 years) 

HIV negative 

 
       Pre-PCV 
era vs. 2010 

-70.1 -83.3 to -43.1 -73.2 -77.8 to -68.1 -58.5 -93.1 to 81.6 -63.0 -74.2 to -47.7 -77.7 -92.5 to -44.5 -62.4 -75.1 to -44.3 

       Pre-PCV 
era vs. 2012 

-93.1 -98.6 to -78.4 -79.8 -84.5 to -73.3 -100 - -88.8 -93.6 to -81.1 -96.4  -99.9 to -77.9 -69.9 -81.6 to -52.0 

           2010 vs. 
2012 

-77.4 -95.9 to -17.9 -25.8 -49.2 to -0.16 -100 - -74.9 -84.9 to -59.2 -83.7 -99.6 to 34.2 -35.7 -60.1 to 1.50 

HIV positive 

      Pre-PCV -71.5 -76.2 to -66.0 -66.9 -72.1 to -61.0 -76.3  -83.2 to -67.2 -63.4  -73.0 to -51.0 -67.9 -75.9 to -57.8 -31.4 -56.5 to 5.7 
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era vs. 2010 

       Pre-PCV 
era vs. 2012 

-86.2  -89.3 to -82.6 -73.0 -78.0 to -66.4 -94.5  -97.3 to -89.9 -80.0 -85.8 to -72.3 -88.8 -92.9 to -83.0 -53.7 -70.7 to -28.6 

      2010 vs. 
2012 

-51.7 -63.6 to -36.5 -27.9 -40.5 to -23.1 -76.6 -89.1 to -54.2 -47.2  -65.1 to -21.6 -65.1 -78.8 to -44.2 -25.9 -49.0 to 5.8 

n/a –there were no PCV7 serotypes detected in HIV-uninfected women during 2012 

PCV7-serotypes, serotypes 4, 6B, 9V, 14, 18C, 19F, 23F 

PCV13-additional serotypes, serotypes 1, 3, 5, 6A, 7F, 19A 

Pre-PCV era, 2005 to 2008 

CI – confidence interval, IPD – invasive pneumococcal disease 
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Table 1: Observed and model-predicted changes in overall incidence of invasive pneumococcal disease and disease due to vaccine serotypes  

HIV Status, Age, and Time 
Period 

Non-vaccine-serotype disease PCV-13 Serotype Disease 

Observed IPD Predicted IPD Observed IPD Predicted IPD 

% Change 95% CI % Change 95% CI % Change 95% CI % Change 95% CI 

children         

HIV negative         

 3 months to 2 years         

  Pre-PCV era vs. 2010 -78.4 -94.7 to -34.5 -19.9 -39.5  to 4.5 -89.7 -95.2 to -80.1 -17.2 -31.5 to -0.75 

  Pre-PCV era vs. 2012 -64.0 -87.3 to -9.6  44.9 7.7 to 92.0 -97.0 -99.4 to -91.1 -70.7 -77.1 to -62.9 

  2010 vs. 2012 66.8 -57.6 to 677 36.4 9.4 to 68.3 -71.4 -94.9 to 11.1 -60.1 -68.9 to -49.5 

  >2 years to 5 years         

   2010 vs. 2012 98.6 -89.7 to 11616 56.3 25.7 to 91.8 -33.8 -94.5 to 117.8 -44.8 -59.0 to -26.9 

HIV positive         

 >3 months to 2 years         

  2010 vs. 2012 90.9 -51.5 to 789 26.2  0.4 to 56.8 -59.1  -93.0 to 70.4 -30.9 -46.3 to -12.3 

  >2 years to 5 years         

  2010 vs. 2012 -71.5 -99.4 to 188.1 44.4  15.8 to 77.9 -49.9 -89.2 to 97.1 -45.7 -57.9 to -30.8 

Mothers (18-45 years)         

HIV negative         

 
       Pre-PCV era vs. 2010 

-57.0 -90.3 to 54.1 -78.2 -82.4 to -73.4 -73.6 -88.9 to -43.6 -62.7 -71.1 to -52.5 

       Pre-PCV era vs. 2012 -79.0 -97.8 to 1.50 -78.8 -83.6 to -72.9 -97.1 -99.9 to -82.5 -80.3  -86.6 to -71.6 

           2010 vs. 2012 -51.1 -95.6 to 240 1.7 -22.2 to 31.4 -89.1 -99.8 to -21.6 -55.0 -67.7 to -38.3 

HIV positive         

      Pre-PCV era vs. 2010 -70.5 -79.3 to -58.8 -73.8 -78.9 to -67.9 -71.9 -77.3 to -65.3 -56.3 -65.8 to -44.8 

       Pre-PCV era vs. 2012 -72.5 -80.7 to -61.2 -72.6 -78.2 to -66.0 -90.8 -93.5 to -87.1 -73.1 -79.7 to -64.8 

      2010 vs. 2012 -6.5 -39.6 to 44.5 -10.2 -27.1 to 9.6 -69.7  -79.7 to -55.6 -35.9  -51.3 to -16.8 

Pre-PCV era, 2005 to 2008, 2010 as PCV-7 era, 2012 as PCV-13 era 
PCV13-serotypes, serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 23F 
Non- PCV13-serotypes, excluding serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F and 23F 
CI: confidence interval; HIV: human immunodeficiency virus, IPD-invasive pneumococcal disease 

 


