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•  Review the key points of the two papers 
 
 



Paper 1:Silaba, et al. (2019) Effect of 10-valent 
pneumococcal conjugate vaccine on the 
incidence of radiologically-confirmed 
pneumonia and clinically-defined pneumonia in 
Kenyan children: 
an interrupted time-series analysis 

Main question: 
What was the population level effect of 
PCV10 on incidence of radiologically-
confirmed and clinically-defined 
pneumonia? 
 



Effect of 10-valent pneumococcal conjugate vaccine on the incidence of 
radiologically-confirmed pneumonia and clinically-defined pneumonia in 
Kenyan children: an interrupted time-series analysis 

Methods: Regression 
 •  Linear	regression	model	with	a	seasonality	component	to	
account	for	temporal	varia7on	

	
•  Fi9ed	7me	series	of	diarrhoea	to	capture	other	effects	
that	could	explain	decline	in	cases	

	
•  Following	fit	to	diarrhoea,	fit	the	model	to	7me	series	of	
radiologically-confirmed	and	clinically-defined	pneumonia	
while	adjus7ng	for	trends	found	in	the	diarrhoea	fit	
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uncommon. The correlation with admission diagnosis 
diarrhoea was greater yet (appendix). After adjusting for 
log-transformed monthly rates of diarrhoea admissions, 
instead of time in months, the IRR for clinically-defined 
pneumonia associated with PCV10 in children aged 
2–59 months was 0·83 (95% CI 0·54–1·28, table 3).

Discussion
This interrupted time-series analysis of the rates of 
hospital admission from a rolling cohort of about 
43 000 children aged 2–59 months in Kilifi, Kenya, 
suggests that the introduction of PCV10, with a 
simultaneous catch-up campaign for children younger 
than 5 years, was associated with a reduction in childhood 
admissions to hospital with clinically-defined pneumonia 
(by 27%) and radiologically-confirmed pneumonia 
(by 48%). The vaccine reduced the incidence of admis-
sion to hospital with clinically-defined pneumonia 
(by 329 per 100 000 person-years) and radiologically-
confirmed pneumonia (by 144 per 100 000 person-years). 
There was no effect among children aged 5 years or older.

The observed effect in Kilifi was considerably greater 
than the vaccine efficacy estimates from individually 
randomised controlled trials of PCVs. Against severe 
clinically-defined pneumonia, the vaccine efficacy of a 
9-valent PCV was 12% (95% CI –9 to 29) in The Gambia3 
and 17% (7 to 26) in South Africa.5 Against radiologically-
confirmed pneumonia, the vaccine efficacies were 37% 
in The Gambia3 and 20% in South Africa.8 In Bohol, 
the Philippines, the point estimate for vaccine efficacy 
of an 11-valent PCV against radiologically-confirmed 
pneu monia was 22·9% (–1·1 to 41·2); there was no 
protection against clinically-defined pneumonia.4 A 
randomised con trolled trial9 of PCV10, done in 
Argentina, Panama, and Colombia, estimated vaccine 
efficacy against radiologically-confirmed pneumonia at 
22·4%. These vaccine efficacy estimates, derived from 
individually randomised trials, measure only the direct 
protective effect of the vaccine, whereas the impact 
estimates in the present study combine direct and 
indirect effects. In the USA, the indirect effect of PCV7 
against pneumonia was substantial;24 it is not surprising, 
therefore, that the impact estimates in a real-world 
implementation in Africa are considerably greater than 
the efficacy estimates from trials.

There is relatively little information on the effect of 
PCV elsewhere in tropical Africa. In a retrospective 
analysis25 (2002–12) of clinically-defined pneumonia 
among admission case-records from five district 
hospitals in Rwanda, the impact of PCV7, introduced in 
2009, was similar to that observed in Kilifi (vaccine 
effectiveness 54%, 95% CI 42–63). However, a study of 
the effect of PCV in children younger than 5 years in 
The Gambia, comparing rates in the post-PCV13 era 
(2014–15) with those in the pre-PCV7 era (2008–10), 
found a 5–15% reduction in hospitalised clinically-
defined pneumonia, depending on age. For children 

admitted to hospital with radiologically-confirmed 
pneumonia, the reductions were 24–31%,10 which were 
lower than the 37% estimate derived from a randomised 
controlled trial3 of PCV9 in the same setting.

In Kilifi, across the 13-year study period, admission 
incidence rates were consistently reduced, particularly 
for malaria, malnutrition, and clinically-defined pneu-
monia. Over the same period, mortality ratios in infants 
and children younger than 5 years decreased sub-
stantially, suggesting that changing admission rates 
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Figure 3: Monthly incidence of admission to Kilifi County Hospital among children aged 2–59 months with 
(A) clinically-defined pneumonia and (B) diarrhoea
Clinically-defined pneumonia includes severe or very severe pneumonia, according to WHO definitions.19 
The dashed lines show the transition period during which PCV10 was introduced among children younger than 
5 years. The model excluded datapoints for December, 2012, and December, 2013, to account for two nurses’ 
strikes at Kilifi County Hospital.
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children aged 2–59 months were 180·9 (95% CI 
163·0–200·2) per 100 000 person-years for the period 
before PCV10 was introduced and 110·7 (93·3–130·3) 
for the period after PCV10 introduction; the crude IRR 
was 0·61 (0·50–0·74). In the interrupted time-series 
model, which adjusted for season and time (figure 2, 
table 2), the IRR for radiologically-confirmed pneumonia 
associated with PCV10 intro duction among children aged 
2–59 months was 0·52 (0·32–0·86). The effect was 
greatest among those aged 12–59 months. There was no 
effect among children aged 60–143 months (table 2). 
Radiologically-confirmed pneumonia varied substantially 
by season, with a peak in November to January and a 
trough in April to June (appendix). After accounting for 

season and the vaccine effect, the under lying incidence of 
radiologically-confirmed pneumonia among children 
2–59 months was stable over time (IRR per month 0·999, 
0·990–1·007; appendix).

The annual incidence of admission with clinically-
defined pneumonia in 2002–03 was 2170 per 100 000 in 
children aged 2–59 months; incidence of admission to 
hospital significantly reduced across the study period by 
0·5% per month (figure 3). Pneumonia admissions also 
had marked seasonal variation, which closely followed 
that of radiologically-confirmed pneumonia (appendix). 
After adjusting for these factors, the IRR for admissions 
with severe or very severe pneumonia associated with 
introduction of the PCV10 programme was 0·73 
(95% CI 0·54–0·97; table 3). Vaccine impact was greater 
for severe pneumonia than for very severe pneumonia 
(table 3). There was no evidence of benefit to children 
aged 60–143 months.

There was no interaction between study time and 
vaccine era in the analysis of the incidence of clinically-
defined pneumonia, nor of radiologically-confirmed 
pneumonia among children aged 2–59 months. This 
finding indicates that there was no further development 
of indirect protection after the catch-up campaign.

After adjusting for seasonal variation and secular 
trends, the modelled incidence rate of clinically-
defined pneumonia in December, 2010, was 1220 per 
100 000 person-years among children aged 2–59 months; 
for radiologically-confirmed pneumonia, this value was 
301 per 100 000 person-years. By multiplying these 
incidence rates against the vaccine effectiveness estimates 
for clinically-defined and radiologically-confirmed pneu-
monia, the reduction in disease incidence attri butable to 
vaccine introduction was 329 and 144 cases per 100 000 
person-years, respectively.

The control condition—incidence of admission with 
diarrhoea among children aged 2–59 months—was not 
associated with PCV10 introduction (IRR 0·63, 95% CI 
0·31–1·26; figure 3). However, in age-stratified analyses, 
there was an association between PCV10 introduction 
and incidence of diarrhoeal admissions in those aged 
12–23 months (0·63, 0·41–0·99), 24–59 months (0·62, 
0·39–0·99), and 60–143 months (0·66, 0·46–0·95; ap-
pendix). The IRR among infants (0·79) was less extreme 
than the IRRs seen in older age groups (0·62–0·66). 
Truncating analysis time at the point when rotavirus 
vaccination was introduced did not alter these findings.

We explored whether the observed effect of PCV10 
on diarrhoea in some age groups suggested residual 
confounding in patterns of hospital presentation. To 
select a suitable control condition, we examined the 
correlation between annual counts of admissions with 
clinically-defined pneumonia in the pre-vaccine period 
against annual counts of admissions with other 
discharge diagnoses. The greatest correlations were 
with unclassi fied discharges and with gastroenteritis, 
although unclassified discharges were relatively 
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Figure 2: Monthly incidence of admission to Kilifi County Hospital among children aged 2–59 months with 
WHO-defined radiologically-confirmed pneumonia and modelled predictions
The dashed lines show the transition period during which PCV10 was introduced among children younger than 
5 years. The model excluded datapoints for December, 2012, and December, 2013, to account for two nurses’ 
strikes at Kilifi County Hospital.

IRR for PCV10 
introduction

95% CI p value

Age

2–59 months (primary 
analysis)

0·52 0·32–0·86 0·011

2–11 months 0·73 0·39–1·36 0·324

12–23 months 0·54 0·27–1·10 0·091

24–59 months 0·50 0·24–1·01 0·052

60–143 months 0·89 0·47–1·69 0·724

Clinical severity (2–59 months only)

Severe pneumonia 0·56 0·30–1·06 0·077

Very severe pneumonia 0·52 0·28–0·96 0·038

Interrupted time series analysis adjusted for season (month of year) and study 
time (months). IRRs=incidence rate ratios.

Table 2: IRRs for the effects of PCV10 introduction on admission to 
hospital with radiologically-confirmed pneumonia among children 
aged 2–143 months, by age subgroup and clinical severity
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children aged 2–59 months were 180·9 (95% CI 
163·0–200·2) per 100 000 person-years for the period 
before PCV10 was introduced and 110·7 (93·3–130·3) 
for the period after PCV10 introduction; the crude IRR 
was 0·61 (0·50–0·74). In the interrupted time-series 
model, which adjusted for season and time (figure 2, 
table 2), the IRR for radiologically-confirmed pneumonia 
associated with PCV10 intro duction among children aged 
2–59 months was 0·52 (0·32–0·86). The effect was 
greatest among those aged 12–59 months. There was no 
effect among children aged 60–143 months (table 2). 
Radiologically-confirmed pneumonia varied substantially 
by season, with a peak in November to January and a 
trough in April to June (appendix). After accounting for 

season and the vaccine effect, the under lying incidence of 
radiologically-confirmed pneumonia among children 
2–59 months was stable over time (IRR per month 0·999, 
0·990–1·007; appendix).

The annual incidence of admission with clinically-
defined pneumonia in 2002–03 was 2170 per 100 000 in 
children aged 2–59 months; incidence of admission to 
hospital significantly reduced across the study period by 
0·5% per month (figure 3). Pneumonia admissions also 
had marked seasonal variation, which closely followed 
that of radiologically-confirmed pneumonia (appendix). 
After adjusting for these factors, the IRR for admissions 
with severe or very severe pneumonia associated with 
introduction of the PCV10 programme was 0·73 
(95% CI 0·54–0·97; table 3). Vaccine impact was greater 
for severe pneumonia than for very severe pneumonia 
(table 3). There was no evidence of benefit to children 
aged 60–143 months.

There was no interaction between study time and 
vaccine era in the analysis of the incidence of clinically-
defined pneumonia, nor of radiologically-confirmed 
pneumonia among children aged 2–59 months. This 
finding indicates that there was no further development 
of indirect protection after the catch-up campaign.

After adjusting for seasonal variation and secular 
trends, the modelled incidence rate of clinically-
defined pneumonia in December, 2010, was 1220 per 
100 000 person-years among children aged 2–59 months; 
for radiologically-confirmed pneumonia, this value was 
301 per 100 000 person-years. By multiplying these 
incidence rates against the vaccine effectiveness estimates 
for clinically-defined and radiologically-confirmed pneu-
monia, the reduction in disease incidence attri butable to 
vaccine introduction was 329 and 144 cases per 100 000 
person-years, respectively.

The control condition—incidence of admission with 
diarrhoea among children aged 2–59 months—was not 
associated with PCV10 introduction (IRR 0·63, 95% CI 
0·31–1·26; figure 3). However, in age-stratified analyses, 
there was an association between PCV10 introduction 
and incidence of diarrhoeal admissions in those aged 
12–23 months (0·63, 0·41–0·99), 24–59 months (0·62, 
0·39–0·99), and 60–143 months (0·66, 0·46–0·95; ap-
pendix). The IRR among infants (0·79) was less extreme 
than the IRRs seen in older age groups (0·62–0·66). 
Truncating analysis time at the point when rotavirus 
vaccination was introduced did not alter these findings.

We explored whether the observed effect of PCV10 
on diarrhoea in some age groups suggested residual 
confounding in patterns of hospital presentation. To 
select a suitable control condition, we examined the 
correlation between annual counts of admissions with 
clinically-defined pneumonia in the pre-vaccine period 
against annual counts of admissions with other 
discharge diagnoses. The greatest correlations were 
with unclassi fied discharges and with gastroenteritis, 
although unclassified discharges were relatively 
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Figure 2: Monthly incidence of admission to Kilifi County Hospital among children aged 2–59 months with 
WHO-defined radiologically-confirmed pneumonia and modelled predictions
The dashed lines show the transition period during which PCV10 was introduced among children younger than 
5 years. The model excluded datapoints for December, 2012, and December, 2013, to account for two nurses’ 
strikes at Kilifi County Hospital.

IRR for PCV10 
introduction

95% CI p value

Age

2–59 months (primary 
analysis)

0·52 0·32–0·86 0·011

2–11 months 0·73 0·39–1·36 0·324

12–23 months 0·54 0·27–1·10 0·091

24–59 months 0·50 0·24–1·01 0·052

60–143 months 0·89 0·47–1·69 0·724

Clinical severity (2–59 months only)

Severe pneumonia 0·56 0·30–1·06 0·077

Very severe pneumonia 0·52 0·28–0·96 0·038

Interrupted time series analysis adjusted for season (month of year) and study 
time (months). IRRs=incidence rate ratios.

Table 2: IRRs for the effects of PCV10 introduction on admission to 
hospital with radiologically-confirmed pneumonia among children 
aged 2–143 months, by age subgroup and clinical severity

48%	reduc7on	in	radiologically-
confirmed	pneumonia	
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reflect a genuine improvement in health, rather than a 
change in health-seeking behaviour. The effect of general 
health trends on the incidence of clinically-defined 
pneumonia in the pre-vaccine period was greater than 
the effect of PCV10 introduction in 2011. Among children 
aged 2–59 months, the annual incidence of clinically-
defined pneumonia per 100 000 children declined from 
2170 in 2002–03 to 1220 in December, 2010; however, 
with the introduction of PCV10, this incidence declined 
further by 329. In other settings across Africa, which 
have a higher baseline incidence than in Kenya, the 
absolute benefits of PCV10 are probably considerably 
greater. However, the full magnitude of the effect might 
take longer in the absence of a catch-up campaign.

The observed effect of PCV10 against radiologically-
confirmed pneumonia is substantially greater than that 
against clinically-defined pneumonia, suggesting that 
vaccine serotype pneumococci account for proportionately 
more cases of radiologically-confirmed pneumonia than 
of clinically-defined pneumonia. The WHO radiological 
standard was developed to generate an endpoint that was 
specific for bacterial pneumonia and, in the presence of a 
vaccine programme for H influenzae type b, it is relatively 
specific for pneumococcal pneumonia.3,6 However, as 
well as differences in effect, we saw marked differences 
in temporal trends; radiologically-confirmed pneu-
monia was stable, whereas clinically-defined pneumonia 
declined sharply with time. Clinical presentations of 
pneumonia and malaria are difficult to distinguish26 and 
the prevalence of malaria has declined sharply from 
1999 to 2007,27 suggesting that some of the temporal 
trends in clinically-defined pneumonia admissions might 
be attributable to changes in malaria incidence.

We estimated the absolute reduction in admissions 
with radiologically-confirmed pneumonia attributable to 

PCV10 introduction as 144 cases per 100 000 person-years. 
Separately,20 we have evaluated the performance of the 
study’s chest-radiograph readers in Kenya by comparing 
their readings of 1179 images against the consensus 
interpretation of three experienced consultant radio-
logists in Oxford, UK. Although the specificity of the 
local readers for radiologically-confirmed pneumonia 
was high (0·95–0·96), the sensitivity was relatively low 
(0·69–0·73).20 This disparity is unlikely to affect the 
relative estimates of the effect of PCV10, expressed as 
IRRs, but it does suggest that we underestimated the 
absolute reduction in incidence of radiologically-
confirmed pneumonia attributable to the vaccine 
programme by about 30%.

Following the example of previous studies, we selected 
diarrhoea as a control condition because it was common 
and should be unaffected by PCV10.12 However, we 
observed an unexpected decrease in diarrhoea admissions 
among children 2–59 months associated with the timing 
of PCV10 introduction (IRR 0·63, 95% CI 0·31–1·26). 
We examined whether there was residual confounding in 
the temporal pattern of hospital presentations by 
adjusting for diarrhoea admissions, instead of time in 
years. The point estimates for these incidence rate ratios 
are consistent with the hypothesis that the vaccine is 
protective, but the estimates lose statistical significance.

The decline in diarrhoeal admissions after PCV10 
introduction is unlikely to be due to a biological effect of 
PCV10. However, it might be a marker of another 
intervention in this area that is targeting diarrhoea at the 
same time as PCV10 introduction. The effect was 
significant in all age groups beyond infancy and was 
especially marked in those aged 5–11 years, who were too 
old to be vaccinated with PCV10 (appendix). In 2007, 
a campaign of community-led total sanitation was 

Severe pneumonia Very severe pneumonia All pneumonia

IRR 95% CI p value IRR 95% CI p value IRR 95% CI p value

Adjusted for time

2–59 months 0·60 0·40–0·91 0·017 0·87 0·56–1·34 0·519 0·73 0·54–0·97 0·033

2–11 months 0·66 0·41–1·07 0·090 0·73 0·48–1·11 0·143 0·70 0·50–1·00 0·048

12–23 months 0·61 0·39–0·94 0·027 1·28 0·83–1·96 0·264 0·84 0·61–1·15 0·283

24–59 months 0·59 0·37–0·92 0·020 0·78 0·40–1·54 0·479 0·71 0·43–1·19 0·192

60–143 months 0·93 0·62–1·39 0·721 0·96 0·61–1·50 0·857 0·95 0·56–1·59 0·832

Adjusted for diarrhoea admissions

2–59 months 0·95 0·60–1·51 0·818 0·74 0·36–1·51 0·405 0·83 0·54–1·28 0·399

2–11 months 0·91 0·55–1·48 0·697 0·72 0·43–1·21 0·219 0·86 0·60–1·24 0·428

12–23 months 1·07 0·64–1·77 0·804 1·32 0·69–2·53 0·408 1·10 0·71–1·71 0·681

24–59 months 0·76 0·46–1·27 0·299 0·68 0·32–1·43 0·308 0·76 0·43–1·33 0·334

60–143 months 1·14 0·41–3·18 0·795 0·51 0·25–1·06 0·072 0·61 0·18–2·05 0·427

Interrupted time-series analysis adjusted for season (month of year) and temporal trends (time in months or natural log-transformed monthly incidence rates of admission 
with diarrhoea). We deseasonalised the log-diarrhoea series by subtracting trend-adjusted estimates for the effect of each month, and smoothed the series using locally 
weighted scatterplot smoothing. IRRs=incidence rate ratios.

Table 3: IRRs for the effects of PCV10 introduction on admission to hospital with WHO-defined severe or very severe pneumonia among children aged 
2–143 months

•  27%	reduc7on	
in	clinically-
defined	
pneumonia	

	
•  Effect	reduces	

when	you	
account	for	
diarrhoea,	but	
this	could	be	
due	to	parallel	
running	
interven7ons	

•  General	health	trends	had	a	bigger	impact	on	clinical	pneumonia	than	introduc7on	of	PCV10		



Paper 2: Bruhn, et al. (2017) Estimating the 
population-level impact of vaccines using 
synthetic controls 

Main question: 
Can the use of synthetic controls reduce 
bias in quantifying the effect of PCVs? 



Estimating the population-level impact of vaccines using synthetic controls 

Methods: Regression 
 •  Linear	regression	model	with	a	seasonality	

component	to	account	for	temporal	varia7on	
	
•  Used	a	combina7on	of	weighted	7me	series	data	
(synthe7c	control)	to	account	for	other	factors	that	
could	be	contribu7ng	to	decline	in	cases	

•  Compared	results	of	using	a	synthe7c	control	to	
using	the	7me	series	of		incidence	of	a	single	disease	

	



Estimating the population-level impact of vaccines using synthetic controls 

Results 
 

age groups, the estimated change differed between countries
(Table S3). Notably, the significant declines in older children and
young/middle-aged adults in some of the countries might have
been biased by the inclusion of the 2009 influenza pandemic during
the fitting period (sensitivity analyses below; Figs. S2 and S3).
In some strata, the estimates were similar between the model

that simply adjusted for nonrespiratory hospitalizations and the
model that adjusted for the synthetic control (e.g., declines of
−25% vs. −22% in hospitalizations for all-cause pneumonia
among children <12 mo of age in Brazil with and without a syn-
thetic control, respectively; Fig. 1 and Table S3). This consistency
would be expected if there are no unexplained biases in the data.
However, in other strata, the synthetic control adjustment changed
the estimates substantially. Among 80+-year-olds in Brazil, the
model without the synthetic control estimated a 25% (95% CI:
18%, 32%) increase in pneumonia rates associated with in-
troduction of PCV, whereas the model with a synthetic control
estimated no change in pneumonia rates (−2%, 95% CI: −14%,
+11%). The weight given to different variables in the synthetic
control differed by age group and country (SI Results and
Dataset S1).

Validation of Synthetic Controls Using Other Categories of Pneumococcal
Disease. Analyses of other categories of pneumococcal disease
can be used to evaluate the epidemiological credibility of the
estimates of the declines in all-cause pneumonia. The relative
decline in disease rates should be correlated with the specificity
of the case definition—more-specific definitions (e.g., IPD,
pneumococcal pneumonia) should have greater relative declines
than less-specific definitions (e.g., all-cause pneumonia) because
a larger fraction of cases are caused by vaccine-type pneumo-
cocci. When using the synthetic control model, the estimates
followed the expected pattern: for children <12 mo of age, the
greatest estimated decline was for IPD (−59%; 95% CI: −66%,
−52%), followed by pneumococcal/lobar pneumonia (−39%,
95% CI: −66%, −24%), followed by a more-specific definition of
all-cause pneumonia (19) (−26%; 95% CI: −34%, −16%), and
finally the less-specific definition of all-cause pneumonia that
was used for the main analyses (−14%; 95% CI: −23%, −3%;
Fig. 4A). The same pattern of greater reduction with higher
specificity was seen for the point estimates for all of the other
age groups (Fig. 4A). In contrast, estimates from models that
only adjusted for nonrespiratory hospitalizations or linear trend
did not follow this expected pattern (Fig. 4 B and C).

Sensitivity Analyses and Alternative Models. To validate the synthetic
control approach, we divided the prevaccine data from each
country into different 48-mo training periods and 12-mo evalua-
tion periods. The counterfactual estimates matched the observed

data (rate ratio of 1) in most instances for the <5-y-old age group
and age groups over 65 years when using the synthetic controls
(Fig. S2). In Brazil and Chile, the models did not perform well
(credible intervals for the rate ratios did not include 1) for the age
groups that were most affected by the 2009 influenza pandemic
(older children and young and middle-aged adults) when the
postvaccine evaluation windows included the pandemic period (SI
Results and Fig. S2). The estimates for Chile and Ecuador were
also more subject to short-term variations than for the other
countries (Fig. S2). As a further sensitivity analysis, we used dif-
ferent prevaccine training periods and estimated the rate ratios
using the same evaluation period; the credible intervals for the
rate ratios in older children and adults mostly overlapped 1 when
excluding 2009 from the training period (Fig. S3).
The sensitivity of the results to the exclusion of specific variables as

potential components of the control differed by country and age
group, with highly consistent results for Brazil and the United States,
and less-consistent results for the other countries (Fig. S4). The
estimates for children <12 mo of age in Ecuador, Mexico, and Chile
were sensitive to the specific variables included. In particular, J20–
J22 (bronchitis/bronchiolitis) was an influential variable. The exclu-
sion of J20–J22 generally increased heterogeneity of results between
studies among children <12 mo and 12–23 mo of age compared with
the models that included bronchitis/bronchiolitis (Table S3). In some
instances, the models excluding J20–J22 did not properly adjust
for pneumonia epidemics (leading to smaller estimates of vaccine-
related declines). A notable exception is the estimates for <1-y-old
children in Chile, where the effect of the vaccine was possibly over-
estimated when J20–J22 was included (Figs. 1–3).
We also evaluated two alternative models (SI Results and Table

S3) that had a simple adjustment for linear trend or used non-
respiratory hospitalizations as the sole covariate in the model
(rather than as an offset). In some instances, these models gave
results similar to the synthetic control model, but they were less
likely to detect an effect of the vaccine in children, and, as noted
above, the rate ratio estimates from these alternative models did
not follow the expected patterns among different categories of
pneumococcal disease, whereas the estimates from the synthetic
control models did.

Discussion
We have used synthetic controls to assess the population-level
impact on pneumonia of vaccinating children with PCVs. In so
doing, we have shown that using synthetic controls provides a
promising way to adjust for unmeasured bias and confounding in
observational studies that evaluate the impact of public health
interventions. Our results showing a reduction in all-cause
pneumonia following introduction of PCVs in infants, and to
some extent in young children, agree with previous studies. We
also confirmed that invasive pneumococcal disease and pneu-
mococcal pneumonia declined in children and adults. However,
contrary to previous reports (7, 20), we did not detect a re-
duction in all-cause pneumonia among adults 65 y and older in
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Fig. 2. Changes in hospitalizations for all-cause pneumonia (rate ratio) in
five countries using (A) a model without synthetic controls and adjusted for
nonrespiratory hospitalizations and seasonality only or (B) a model with
synthetic controls. Brazil (blue circle), Chile (purple inverted triangle), United
States (yellow diamond), Mexico (green triangle), and Ecuador (red square).
Rate ratios were calculated as the sum of observed hospitalizations for all-
cause pneumonia divided by the sum of predicted (counterfactual) hospi-
talizations during the evaluation period.
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Fig. 3. Changes in hospitalizations for all-cause pneumonia by months since
vaccine introduction in Brazil (red), Chile (blue), Ecuador (green), Mexico
(purple), and the United States (orange) in (A) children <12 mo and (B)
adults 80+ y; estimates are from the model adjusted using a synthetic con-
trol. In each month, the rate ratio is the sum of observed all-cause pneu-
monia hospitalizations during the previous 12 mo divided by the sum of
predicted (counterfactual) hospitalizations in the same period.
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Estimating the population-level impact of vaccines using synthetic controls 

Results 
 

any of the five countries. This is notable because the burden of
all-cause pneumonia in this age group is large, and the fraction
that is indirectly preventable by vaccinating children might be
smaller than previously estimated (7, 20). Declines were also
observed in older children and younger adult age groups in some
countries, but validation and sensitivity analyses suggest that
some of these declines were biased by inclusion of the 2009 in-
fluenza pandemic during the prevaccine period.
Our analyses show that although observational studies of vac-

cine impact come with multiple caveats, use of synthetic controls
has the potential to improve the accuracy of the estimates. This
approach to adjusting for unmeasured bias and confounding,
irrespective of source, increases comparability of such assessments
across settings.

Use of Synthetic Controls to Evaluate Impacts of Vaccination. Aside
from conducting a large and expensive cluster-randomized trial,
time trend analyses are the only method that can quantify both the
direct effects of being vaccinated and the indirect effects that re-
sult from disrupting transmission. However, because any number
of factors can influence disease rates around the time of vaccine
introduction, time-series analyses are susceptible both to incor-
rectly attributing unrelated changes to a vaccine and to missing a
vaccine-related change hidden by an unrelated factor. Analyses
that incorporate synthetic controls to adjust for unmeasured bias
and confounding have several distinct advantages over approaches
currently used; first, they are more likely to correctly control for
these unrelated changes than other methods, potentially in-
creasing accuracy as well as comparability of results between
studies and study settings. Second, the analyst is not required to
handpick individual comparison diseases a priori, a process that
itself can introduce bias; instead, the method combines time series
of hospitalizations for many disease outcomes into a single syn-
thetic composite time series, with each component weighted
according to its fit to the disease of interest in the preintervention
period. The result is a time series that is more likely to behave like
the disease of interest in the postintervention period than any
single comparator. Third, the synthetic control eliminates the need
to assume that any trend beginning in the prevaccine period
continues linearly into the postvaccine period, as is done with the
commonly used interrupted time-series analysis. Fourth, the ana-
lytic framework can readily be used to incorporate any time series
relevant to the outcome of interest into the synthetic control. For
example, time series of virological data [e.g., confirmed influenza
or respiratory syncytial virus (RSV) infections] could be used to

adjust epidemics of pneumonia, assuming they are not themselves
influenced by the vaccine.
Synthetic controls can also be implemented for different types

of study designs and different levels of data availability. For ex-
ample, synthetic controls could be used for prospective studies of
pneumonia trends or to adjust for changes in ascertainment over
time for studies of invasive bacterial diseases (using time series of
other pathogens as components of the synthetic control) (21, 22).
In settings where it is not feasible to extract a large number of time
series to use as components of the synthetic control (e.g., in a
setting with only paper health records), the approach might still be
useful, albeit with fewer contributing time series. In such a situa-
tion, studies from countries with electronic data might be used to
guide selection of time series that are most likely to be informa-
tive. In all of these scenarios, the synthetic control approach pro-
vides the important advantage of accounting for model uncertainty
(and subsequent uncertainty in the estimates of the counterfactual)
in a way that current approaches do not.
To use the synthetic control approach optimally, we propose the

following guidelines. First, we suggest presenting results from both
a model that adjusts only for all-cause hospitalizations or pop-
ulation size and one that adjusts using the synthetic control; pre-
senting results from both models increases the likelihood of
detecting potential biases, as was the case for the older adults in
Brazil. Second, we suggest presenting results of sensitivity analyses
in which the most heavily weighted components of the control are
removed, and the models are rerun (Fig. S4). Third, we suggest
validating the model by using one subset of prevaccine data to
predict values in a second subset of prevaccine data (Fig. S2), with
the expectation that there should be no effect if the relationships
among the variables are stable. This approach can help to identify
potential issues with the analyses, as with the effect of the 2009
influenza pandemic in older children and young/middle-aged
adults in Brazil (Fig. S3). Fourth, whenever possible, analyses of
positive controls—time series for which one is highly confident
that an intervention will have an impact—should be included; for
example, invasive pneumococcal disease in the case of PCVs.
Several caveats must be noted when interpreting the results.

The synthetic controls method makes two major assumptions: that
use of PCVs does not affect the incidence of the diseases that are
components of the synthetic control, and that the only change in
the relationship between pneumonia and the components of the
synthetic control over time is caused by the vaccine. If the con-
tributors to the synthetic control have themselves been subject to a
separate intervention (e.g., rotavirus vaccine), this assumption
would be violated. If a disease time series is expected to be af-
fected by the vaccine, it must be excluded from the synthetic
control; likewise, if reporting or coding for pneumonia changes
over time (e.g., due to awareness of pneumonia as a public health
issue following PCV introduction), the assumption that the re-
lationship among the time series is consistent over time would be
violated. Likewise, some factors affecting the outcome of interest
might not be captured by the time series available for inclusion in
the synthetic control—for instance, the 2009 influenza pandemic
was not fully adjusted by the model, and therefore the relationship
between pneumonia and the components of the synthetic control
change during this time period. If the assumptions of the synthetic
controls model are fulfilled, then the difference between the ob-
served and counterfactual values can be interpreted as the causal
effect of the vaccine (16). However, as with any observational
study, results must be interpreted cautiously; synthetic controls can
help to reduce the effects of unmeasured bias and confounding,
but they are unlikely to completely eliminate it.

Impacts of PCVs on Pneumococcal Disease. Assessments of vaccine
impact are a particular challenge because there is no “ground-
truth” estimate for how much disease rates should be expected to
decline following vaccine introduction. We get some approxima-
tion from randomized controlled trials and case-control analyses,
both of which provide an estimate of the direct protection obtained
by receiving the vaccine, although these do not capture the indirect
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Fig. 4. Changes in hospitalizations in the United States (rate ratios) due to
IPD (turquoise), lobar/pneumococcal pneumonia (orange), all-cause pneumonia
[Grijalva and coworkers’ (19) definition, purple], all-cause pneumonia (as de-
fined in this study, pink) adjusted using (A) synthetic controls; (B) linear trend,
nonrespiratory hospitalizations (as the denominator), and seasonality; and (C)
only nonrespiratory hospitalizations (as the denominator) and seasonality.
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Summary 

 
•  PVC vaccines to seem to be working in 

different locations 
 
•  The more data you have the better your 

inference will be. 
 

•  Using a synthetic control does reduce some 
of the bias generated when using a single 
disease control, but does not eliminate it 
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