Population impact and effectiveness of sequential 13-valent pneumococcal conjugate and monovalent rotavirus vaccine introduction on infant mortality: Prospective birth cohort studies from Malawi
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Abstract
Background: Pneumococcal conjugate (PCV) and rotavirus vaccines (RV) are key tools for reducing common causes of infant mortality. However, measurement of population-level mortality impact is lacking from sub-Saharan Africa. We evaluated mortality impact and vaccine effectiveness (VE) of PCV13 introduced in November 2011, with subsequent RV1 roll-out in October 2012, in Malawi.
Methods: We conducted two independent community-based birth cohort studies. Study 1, in northern Malawi (35,000 population), evaluated population impact using change-point analysis and negative-binomial regression of non-traumatic 14-51-week infant mortality pre (01/01/2004 – 31/09/2011) and post introduction (01/10/2011 – 01/07/2019), and against three-dose coverage. Study 2, in central Malawi (465,000 population), recruited from 24/11/2011 – 01/06/2015. In the absence of pre-introduction data, individual three versus zero-dose VE was estimated using individual-level Cox survival models. In both cohorts, infants were followed with household visits to ascertain vaccination, socio-economic and survival status. Verbal autopsies were conducted for deaths. 
Results: Study 1 included 20,291 live births and 216 infant deaths. Mortality decreased by 28.6% (95%CI: 15.3, 39.8) post-PCV13 introduction. A change-point was identified in November 2012. Study 2 registered 50,731 live births, with 454 deaths. Infant mortality decreased from 17 to 10/1,000 live births during the study period. Adjusted VE was 44.6% overall (95%CI: 23.0, 59.1) and 48.3% (95%CI -5.9, 74.1) against combined acute respiratory infection, meningitis and sepsis-associated mortality.
Conclusion: These data provide population-level evidence of infant mortality reduction following sequential PCV13 and RV1 introduction into an established immunisation programme in Malawi. These data support increasing coverage of vaccine programmes in high-burden settings. 

What is already known?
· Several studies have shown post-PCV introduction reductions in pneumonia cases and hospitalization in sub-Saharan Africa, and diarrhoea-specific mortality reductions have been attributed to rotavirus vaccine. 
· Two studies from South America have reported on PCV effectiveness against mortality, and a retrospective time-series analysis from Morocco reported a 30% reduction in acute respiratory infant deaths following PCV introduction. Other estimates of mortality effectiveness and cost-effectiveness have been modelled.
· As yet, no studies have reported prospective empirically observed PCV effectiveness and impact against population-level mortality in sub-Saharan Africa, and none have accounted for rotavirus vaccine introduction. 
What are the new findings?
· We report on the effectiveness and impact of 13-valent PCV vaccine, with subsequent rotavirus vaccine introduction, on population infant mortality in Malawi. 
· We demonstrate significant reductions in all non-traumatic infant mortality amongst three-dose age-eligible infants following PCV13 introduction in Malawi, in two different locations. 
· The reductions in mortality were associated with vaccine coverage. However, we were unable to fully disentangle the additional role of subsequent monovalent rotavirus vaccine into the routine EPI schedule. 
What do the new findings imply?
· PCV13 introduction, as part of a well-established EPI programme in a low-income, high-burden setting alongside rotavirus vaccine introduction, is associated with significant reductions in infant mortality. 
· This strengthens the growing evidence that investment in PCV and rotavirus vaccine scale-up to prevent infant deaths should be prioritized. 


Introduction
Pneumonia remains the leading cause of infectious mortality in children under-five years old globally. Pneumococcal pneumonia, alongside meningitis and bacteraemia caused an estimated 500,000 annual deaths in 2000, prior to widespread pneumococcal conjugate vaccine (PCV) introduction, with the majority occurring in sub-Saharan Africa.1 2 By 2015 this estimate had halved with approximately 300,000 paediatric pneumococcal deaths.3 Rotavirus is the leading cause of severe diarrhoea and a significant contributor to infant mortality in Africa.4 PCV and rotavirus vaccines (RV) were included in the World Health Organisation (WHO) extended programme of immunisation (EPI) recommendations for routine vaccination following trial evidence that they prevent life-threatening infections.5-7 
Reductions in pneumococcal morbidity and mortality following PCV introduction have been reported for high-income settings,8-10 alongside evidence of cost-effectiveness.11 12 Nicaragua, the first lower-middle income country to introduce PCV13 in 2010, demonstrated a 33% reduction in hospitalized pneumonia and inpatient case-fatality.13 Subsequent studies of PCV10 and PCV13 implementation from Peru, Brazil and Morocco have confirmed infant pneumonia mortality reductions, although with varied levels of impact (12% to 35%).14-16 Additionally, a modelled study from South Africa estimated a reduction of 61 pneumococcal-related child deaths per 100,000 child-years following PCV13 introduction.17 
South Africa was the first African country to routinely introduce monovalent RV (RV1) in 2009, observing a 57% vaccine effectiveness (VE) against rotavirus hospitalization, similar to the 64% VE reported from Malawi.18 19 Effectiveness against mortality has been estimated from middle-income settings,20-22  and Malawi has reported a 34% VE against vaccine age-eligible infant diarrhoeal mortality.23 However, population-level mortality impact of routine PCV (including 13-valent PCV (PCV13)) and sequential RV introduction in sub-Saharan Africa are yet to be reported.
[bookmark: _Hlk495150751]Malawi, a low-income sub-Saharan African country, introduced PCV13 (Prevenar 13®) in November 2011 into a PCV-naïve population, using a six, ten and 14-week schedule and initial year-long three-dose catch-up for infants aged <12 months at introduction.  RV1 (Rotarix®) with a six and ten-week schedule, was introduced with no catch-up in October 2012. We aimed to prospectively evaluate population impact and effectiveness of PCV13, in the context of subsequent RV1 roll-out and on-going public health initiatives targeting child health, on non-traumatic mortality in vaccine age-eligible infants in Malawi. 

Methods 
We conducted two prospective population birth cohort studies in the Northern (Study 1) and Central (Study 2) regions of Malawi (eFigure 1).24  Study 1 investigated PCV13 impact, defined as the population-level reduction in infant mortality; Study 2 investigated both impact and effectiveness, with VE defined as the individual risk ratio in vaccinated versus unvaccinated infants.25 

Study 1:
Study 1 was conducted at the Karonga Health and Demographic Surveillance Site (KHDSS). KHDSS was established in 2002, currently covering a population of 40,000 people in 41 villages, with one rural government hospital and four health centres.26 Demographic data is included from  1st January 2004 – 1st July 2019, and vaccine coverage data is complete up to the 1st July 2017. PCV13 was introduced on the 12th November 2011, therefore all children born from the 1st October 2011 were six weeks old at introduction and eligible to receive dose-one. This study provides a pre-post impact evaluation of PCV13 introduction. 
Data Collection and Cleaning
Births and deaths were recorded monthly by 230 community-based volunteers. Vaccine and socio-economic status were collected for each household on an annual basis, using a rolling re-census by trained interviewers. Verbal autopsies (VAs) were conducted by medical assistants at a median of one month (range: two weeks to 20 months) following death, using a modified version of the WHO 2012 tool.27 All data underwent double entry into a Microsoft Access database and conflicts were flagged for cleaning. 
Vaccine Impact Analysis
Impact in Study 1 was estimated ecologically using negative binomial regression of study area-wide annual trend in non-traumatic 14-51 week infant mortality pre- and post-PCV13 introduction, adjusted for year to account for underlying downward trends in infant mortality and RV1 introduction.  The annual trend was derived using locally weighted 12-month moving averaging as follows:
  
[bookmark: _Hlk522869128], where  and  are the trend estimate and the observed incidence at month t. 

Additionally, we used a change point model with the full time series to determine whether PCV13 and RV1 introduction occurred before significant trend changes in infant mortality. In change point analysis an intervention time point is not pre-specified, therefore, with fewer assumptions than interrupted time-series analysis it assesses whether: 1) changes in incidence have occurred; 2) identifies the most likely time for the change point.28 We used the Stata –bayesmh- function to fit a negative binomial Bayesian model for the above specified locally weighted 12-month moving averaging annual trend. We used uninformative prior for the mean and a uniform prior for month (all values are equally likely), 50,000 MCMC iterations with 10,000 burn-in period and specified one change point. The resulting change point (month), pre- and post-change point mean, mean ratio and the corresponding 95% credible intervals were calculated. 
Post-introduction impact was ecologically estimated using negative binomial regression of study area-wide mortality versus monthly three-dose PCV13 population coverage, adjusted for year. Coverage was calculated as the cumulative number of infants who received three-doses of PCV13, divided by the cumulative total number of age-eligible infants residing in the study area and surviving to 14 weeks. Small population size precluded individual VE analysis.

Study 2:
Study 2 was conducted in Mchinji, a rural district with a population of 465,000 in 1,832 villages, based on a census we conducted in March 2012. Healthcare was provided at one government hospital, 11 health centers, 354 community healthcare workers and four rural hospitals with limited inpatient facilities that provide care for a small fee. Cohort recruitment ran from 24th November 2011 (soon after PCV introduction) to 1st June 2015, and follow-up with mortality surveillance ran from 1st March 2012 (before RV introduction) to 1st June 2016. This site does not contribute any pre-PCV13 data, precluding a pre-post impact analysis. 
Data Collection
Pregnancies, pregnancy outcome, and deaths in under-five year olds were recorded monthly by 1,059 volunteers. Field enumerators conducted household visits at four-months and one-year of age to collect vaccine status, socio-economic variables, and verify survivorship. Under-five deaths had a VA conducted at median 14 months (range: two to 50 months) following death using the WHO 2012 tool, with vaccine status recorded by senior monitoring and evaluation officers.27 Data were single entered into a Microsoft Access database with in-built validation rules and underwent automated monthly cleaning; errors in identification were sent for field verification. A random subset of four-month and one-year interviews were re-done quarterly and all vaccine clinics were visited to audit documentation for quality control. 
Sample Size
The sample size for individual VE was calculated for 80% power to detect a 25% reduction in non-traumatic infant mortality, assuming: 14-51 week infant mortality of 15/1,000 live births, 80% three-dose vaccine coverage and 15% loss to follow-up. A sample of 45,520 births surviving to 14 weeks and 552 death events were required. 
Vaccine Impact Analysis
In the absence of pre-PCV13 data, population-level impact in Study 2 was estimated using negative binomial regression of yearly mortality versus yearly vaccine coverage, by geographical cluster, adjusted for two-dose RV1 coverage. Coverage was calculated as the number of dose-eligible infants who received one, two or three-doses of PCV13 by 52-weeks of age, divided by the total number of infants residing in the cluster and surviving to 14 weeks. Geographical clusters were 354 government defined community healthcare worker catchment areas, with a median population of 1,300 people (Interquartile range [IQR]: 984 – 1,687). 
PCV13 Vaccine Effectiveness Analysis
Unadjusted and adjusted individual-level VE of three versus zero-dose PCV13 receipt against non-traumatic mortality in infants aged 14-51 weeks was estimated using Cox regression as the primary analysis.29 30 VE was derived as:
 (1 – Hazard Ratio) x 100
PCV13 doses received were modelled as time-dependent covariates, using date of vaccination recorded from caregiver-held health records (health passports) to split survival time into vaccinated and unvaccinated periods. Missing vaccination dates were imputed using chained equations with ten imputations; all variables included in the primary model were used in the imputation (eMethods 1). Infants who migrated did not contribute any survival time as vaccine status could not be determined.31 The proportional hazards assumption was tested using Schöenfeld’s residuals. 
Decided a priori, analyses were adjusted for a range of potential confounding factors associated with both risk of mortality and risk of vaccine uptake. These included maternal survival, education, age and marital status, household assets, household construction, water and sanitation facilities, and a binary indicator of RV1 introduction. Individual RV1 and other EPI vaccine receipt (including Haemophilus influenzae B vaccine) were not included due to collinearity with PCV13 receipt, and too few children exclusively received PCV13 to conduct a sub-analysis with this group. Distance to the nearest health facility (in kilometers) and season (rainy/dry) were investigated post-hoc as possible proxies of vaccine access, however neither showed any association with vaccine uptake, or survival, and were not included in the final model. 
The following sensitivity analyses were conducted: Royston-Parmar flexible parametric survival models to describe time-varying vaccine effects;32 using acute respiratory infection (including pneumonia), meningitis and sepsis-associated mortality and diarrhoea-related mortality as the outcome (with children who died of other causes excluded from the model); using individuals who survived to six and  26-weeks  as the eligible population;30 random effects models to account for cluster-level effects. Analyses were conducted using Stata SE 14.

Definitions
Exposure
We recorded receipt of zero, one, two and three-doses of PCV13, with three versus zero doses as the primary exposure of interest. Vaccine date and receipt were collected during interviews and VAs from health passports, or caregiver recall if a written record was unavailable (eMethods 2). 
Primary Outcome 
We recorded deaths among three-dose eligible infants (i.e. aged between 14 and 51 completed weeks) from a non-traumatic cause, as defined by the WHO 2012 VA guidelines (eMethods 3). This primary outcome, although aetiologically non-specific has the advantage of being free from limitations in cause of death classification using VAs.33 Cause-specific mortality was included as a sensitivity analysis, using InterVA-4, a probabilistic Bayesian algorithm, to automate the analysis of the VAs and assign probability weighted cause of death.34 Overall, InterVA has been found to have reasonable agreement (concordance coefficient = 0.81) with physician coded cause of death in infants, but was lower for acute respiratory infections in similar settings.35 

Patient and Public Involvement
Prior to the start of the study, the protocol was presented to the District Executive Committee and District Health Management teams in Mchinji and Karonga districts for input and approval. Extensive community engagement was conducted for this new data collection activity in Mchinji district, including the recruitment of village level volunteers and meetings with traditional leaders and area development committees. Community consent was sought during study introduction.

Ethics
Verbal informed consent was obtained for all interviews. The study was approved by the National Health Sciences Research Ethics Committee in Malawi [#837], London School of Hygiene and Tropical Medicine [#6047] and Centers for Disease Control and Prevention [#6268].

Results 
Study 1 (Karonga Health and Demographic Surveillance Site):
Prior to PCV13 introduction, between 1st January 2004 and 30th September 2011, 10593 live births were recorded, with 9759 confirmed survivors at one-year and 171 non-traumatic infant deaths between 14-51 completed weeks of age (mortality of 17/1000 live births). Post-PCV13 introduction, between 1st October 2011 and 1st July 2019, 9698 live births were recorded, with 8780 confirmed survivors at one-year and 45 non-traumatic deaths between 14-51 completed weeks of age (mortality of 5/1000 live births) (eFigure 2.1). Median age at death was 31 weeks. 
Health passports were seen in 67% of deceased and 92% of surviving infants. Post-introduction, overall three-dose PCV13 coverage was 46% and 94%, and 2-dose RV1 coverage was 65% and 92% in age-eligible deceased and surviving infants, respectively. PCV13 doses were administered at a median of eight (IQR: 7– 10), 14 (IQR: 12 – 17), and 19 (IQR: 16 – 24) weeks. 
Smoothed annual incidence data showed evidence of over-dispersion. Pre-post negative binomial regression, adjusted for year, demonstrated a 28.6% (95% CI: 15.3, 39.8; p-value <0·001) reduction in non-traumatic infant mortality amongst age-eligible infants (Figure 1.a). A single change-point in the trend of infant mortality was identified in November2012 (credible Bayesian interval: June 2012 to June 2013). The pre change-point mean mortality was 19.04 (95% CI: 15.46, 23.80), compared to a post-change point mean of 5.24 (95% CI: 4.12, 6.73); the ratio of pre to post change-point mean was 3.69 (95% CI: 2.64, 4.97; eFigure 2.2).
Adjusted negative binomial regression of monthly mortality against three-dose coverage found every one percentage point increase in coverage was associated with a 2.0% (95% CI: 1.5, 2.4; p-value <0·001) decrease in mortality (Figure 2).

Study 2 (Mchinji District): 
Between the 24th November 2011 and 1st June 2015, we registered 50,731 live births; 454 infants died between 14 and 51 weeks of age and 37,926 were confirmed survivors at one-year (Figure 3). The crude birth rate was 32/1000 population and median age at death was 32 weeks. During the same period, stillbirth rates (23 and 24/1000 births in 2013 and 2015 respectively), and neonatal mortality rates (26 and 27/1000 livebirths in 2013 and 2015) remained stable. Additional descriptive parameters are presented in eTable 1.1. 
Health passports were seen in 89% of infants, with higher availability in surviving than deceased infants (90% vs 26%) – there was no difference in PCV13 coverage recorded between those with and without health passports in deceased infants (eTable 1.2). A date of vaccination was available for 89% of children, with PCV13 doses administered at a median of eight (IQR: 6–10), 14 (IQR: 11–16), and 20 (IQR: 16–22) weeks. Three-dose PCV13 coverage was 89% in surviving and 73% in deceased children (Table 1); overall two-dose RV1 coverage was 73%. Following RV1 introduction 15 (<0·1%) children received RV1 but no PCV13, and 757 (3%) children received PCV13 without RV1. Between years one and three post-PCV introduction, non-traumatic age-eligible infant mortality decreased from 17 to 10/1000 live births (Figure 1.b). 
Across 354 geographical clusters, three-dose PCV13 coverage ranged from 58% to 100% and mortality ranged from 0 to 87/1000 live births. Cluster-level impact analysis, using negative binomial regression adjusted for RV1 coverage, found that every 1% absolute increase in three-dose coverage by geographical cluster was associated with a 1.3% reduction in non-traumatic infant mortality (95% CI: 0.3%, 2.4%; p-value = 0·02). 
Adjusted Cox analysis, with time-dependent PCV13, estimated three-dose PCV13 VE to be 44.6% (95% CI: 23.0%, 59.1%) against non-traumatic age-eligible infant mortality (Table 2, Figure 4). Three-dose VE was 48.3% (95% CI: -5.9%, 74.1%) in InterVA coded acute respiratory infection, meningitis and sepsis associated mortality. Proportional hazards assumptions were not violated in either model (p-value=0.63 and p-value=0·10, respectively).  When adjusted for RV1 introduction, three-dose PCV13 was not significantly associated with a reduction in diarrhoea related mortality (VE: 18.5%; 95% CI: -57.7%, 57.8%).
Sensitivity analyses examined mortality by vaccine receipt from six weeks (one-dose eligibility) and 26-week survival (allowing for late dose-three receipt), giving a VE of 54.5% (95% CI: 48.8%, 66.1%) and 27.0% (95% CI: -15.8%, 54.0%) respectively. Proportional hazards were violated in the six-week but not the 26-week model (p-value=0.003 and p-value=0.58, respectively). Adjusting for individual and cluster-level random effects did not materially change the VE estimates, and these models were not statistically supported (eTable 2.1). Royston-Parmar analysis, allowing for time-varying vaccine effects, demonstrated that the hazard rate varied over survival time (eFigure 3).

Discussion 
In two prospective population-based, geographically independent cohort studies in Malawi, declines in vaccine age-eligible infant mortality were observed following the introduction of PCV13 and then RV1 into the Malawi EPI programme (Figure 1). In both settings, these declines in infant mortality were associated with 3-dose PCV13 coverage. In Northern Malawi the effect has been sustained for nearly 8 years’ post-introduction.  A change-point analysis identified a break-point in the mortality trend in November 2012, a year after PCV13 introduction and shortly after RV1 introduction, supporting a vaccine associated impact. 
Measuring the effect of a new vaccine at the population level can be challenging, particularly in resource-limited settings and where background child mortality is changing rapidly.36 We studied two populations using different methods at scale, allowing for the measurement of plausible change and validation of our findings between studies. The communities participating in these studies were typical of many in rural Africa, with well-functioning EPI programmes but a high prevalence of undernutrition, HIV, malaria and resource-limited health systems. Our study sites had comparable birth and under-five mortality rates to reported Malawian national averages pre-PCV13,37 suggesting our birth and death ascertainment had adequate population coverage. These two settings and their consistent results support the generalizability of our findings to other contexts in rural sub-Saharan Africa. 
The VE estimate we observed was considerably higher than the 25% we anticipated and may reflect the true impact. It is plausible that a synergistic benefit from RV1 and PCV13 occurred that we could not account for in analysis. We were unable to directly adjust for individual-level RV1 receipt in this study, as children rarely received one vaccine but not the other, and therefore were not able to completely disentangle the effects. 
It has been shown that pneumococcal pneumonia increases a child’s vulnerability to other infectious diseases,38 39 and that pneumonia often has multiple causative pathogens.40 41 Thus, reducing the incidence of pneumococcal infections likely impacts morbidity and mortality from common infections, such as malaria or viral respiratory infections, especially in the context of widespread undernutrition or anaemia. Indeed, our sensitivity analysis found only a slightly higher VE against suspected acute respiratory infections, meningitis and sepsis, than against all-cause mortality. Although, its important to note that the delay between deaths and verbal autopsy may have resulted in recall bias for specific symptoms, such as cough or difficulty breathing. In this context planned evaluation of combined or sequential introduction of childhood vaccinations needs to carefully consider whether evidence of individual vaccine impact and effectiveness can be ascertained. Further programmatic investigation of the potential for additive benefits of these vaccines, in the context of on-going public health initiatives to reduce under-five mortality is needed to optimize scale-up.
The impact estimate based on the pre-post analysis, accounting for background trends in infant mortality and RV1 introduction, is consistent with the finding from the 9-valent PCV trial in The Gambia,42 and RV1 introduction in low and middle-income  countries.21 22 43 High vaccine coverage was rapidly achieved and pre-vaccine data have indicated the importance of infant mortality from respiratory and diarrhoeal disease in Malawi.1 36 44 A reduction in vaccine-type invasive pneumococcal disease following PCV13 introduction in Malawi has been reported from southern Malawi.45 46 Additionally, a concurrent study in central Malawi observed a 36% reduction in inpatient pneumonia mortality, and a 47% reduction in hypoxemic pneumonia.46 These simultaneous reductions in more specific pneumococcal and clinical end-points add support to the finding that PCV13 was associated with a reduction in population-level non-traumatic infant mortality. A 64% reduction in hospitalized rotavirus diarrhea has also been reported following RV1 introduction in Malawi.19  Thus given what is known about the individual effectiveness of these vaccines on disease-specific endpoints, an interaction between them would not have to be large to deliver major synergistic public health benefits.
Our data suggest that three-dose PCV13 receipt was more effective in younger infants. The sensitivity analysis of infants surviving to 26 weeks, by which time the majority of children had received all three-doses, found a lower and non-significant VE. The Royston-Parmar models, allowing VE to vary over survival time, supports the finding of differing effectiveness by age.32 However, this may be explained by epidemiological factors (e.g. survivorship bias). Survivorship bias may also contribute to the apparent lack of a dose response which we observed, as those surviving to three-dose eligibility are more robust than those who only survived long enough for one or two doses. As pneumonia-related deaths were concentrated in younger infants, programmatic emphasis on vaccination timeliness may optimize VE,7 47 although a recent modelling exercise found minimal impacts of PCV delays on mortality.48  
As a large and complex observational field study, there may be residual confounding biasing our VE estimate. Although we adjusted for key socio-demographic confounders, it is unlikely we captured them all. We were also unable to adjust for individual exposure to concurrent community-based public health interventions which were on-going in both sites. Systematic monitoring of health systems performance and key child health indicators was not feasible, but should be recommended for future studies. In Study 2, a mentorship programme for pediatric pneumonia diagnosis, management and the introduction of pulse oximetry was implemented.49 If parents of vaccinated infants were more likely to seek healthcare, then vaccinated infants may have also received improved pneumonia case management. This would both reduce mortality in the vaccinated and magnify any underlying frailty bias (i.e. if unvaccinated infants do not seek improved care), increasing apparent VE. However, random effects models that accounted for unmeasured cluster-level confounding did not change the VE estimates and were not statistically supported (eTable 2.1). Nevertheless, the argument that children unable to access vaccines also lack access to treatment interventions only strengthens the argument for vaccine introduction and maximization of population coverage, particularly amongst the most vulnerable. 
Under-ascertainment of unvaccinated survivors, vaccinated non-survivors, or misclassifying surviving unvaccinated infants as vaccinated could all increase the VE. Incomplete follow-up was higher in surviving infants, and if these lost infants were more likely to be unvaccinated (e.g. children of migrant farm laborers with limited access to care) this would increase apparent VE by reducing unvaccinated survival time in the analysis. We were unable to assess differences between those who did and did not complete follow-up, although crude birth, mortality and vaccination rates were comparable to national estimates. 
We recorded more health passports in surviving than deceased infants. It is common practice in Malawi to bury health passports when a child dies, leading to lower documentation of vaccine status from these children. Reliability of caregiver recall is varied and may be subject to recall and social desirability bias,50-52 the direction of which is unknown in our population. Relying solely on health passports would also have introduced bias, as it may be associated with higher healthcare engagement and vaccination. We conducted several quality assurance activities around vaccine status to mitigate these biases where possible and have previously published our decision process for including caregiver recall data.30  We compared vaccine status in deceased infants between those with and without a health passport and found similar rates (eTable 1.2), suggesting that these biases are unlikely to have substantially influenced our VE estimate. 
The mortality impact we observed are likely attributable to more than prevention of severe life-threatening pneumococcal infections and severe rotaviral diarrhoea, and should be interpreted in the context of an existing functioning EPI programme, concurrent public health interventions, and longer-term downward trends in infant mortality. Nonetheless, our results show significant declines in infant mortality in Malawi following sequential PCV13 and RV1 introduction, with adjustment for background trends. Considering prior trial evidence of efficacy for these vaccines against infant mortality, and the sustained impact over time, these findings support the continued investment in introduction and scale-up of these vaccines that target pneumonia and diarrhoea, particularly in high child mortality settings.

Acknowledgements
We would like to thank the communities and families participating in the study, the key informants for volunteering their time and the Traditional Authorities of Mchinji district and Chilumba, Karonga district for their support. We are very grateful for the hard work of our field and data staff.  We thank the other VacSurv Consortium members for their advice: Osamu Nakagomi (University of Nagasaki); Jacqueline E. Tate and Umesh D. Parashar (Centers for Disease Control & Prevention, Atlanta, GA, USA). The findings and conclusions in this report are those of the authors and do not necessarily represent the official position of the US Centers for Disease Control and Prevention. 
Funding
This work was funded by a Wellcome Trust Programme Grant (WT091909/B/10/Z) to NF, NAC, RSH; an investigator initiated grant by GlaxoSmithKline Biologicals to NAC, NBZ, NF; a Wellcome Trust Strategic Award to AC (Number: 085417ma/Z/08/Z); and MLW core grant strategic award to RSH. RSH and NF are supported by the National Institute for Health Research (NIHR) Global Health Research Unit on Mucosal Pathogens using UK aid from the UK Government. The views expressed in this publication are those of the author(s) and not necessarily those of the NIHR or the Department of Health and Social Care.
Author Contributions
The study was conceived by NF, RH, NC, A Costello, CM, SL and NBZ. Data collection tools were developed by NBZ, SL, A Crampin, JB, TP and CK. In Site 1 data collection was overseen by NBZ, HM and A Crampin. Data management and cleaning was conducted by EH and HM. Analysis was conducted by EH, DH and NBZ, with input from CK. In site 2 data collection was overseen by CK, JB, NBZ and TP. Data management and cleaning was conducted by CK and JB. Data analysis was conducted by CK and NBZ. The paper was written by CK and NBZ with substantial input from NF and RH. All authors read and commented on the final manuscript. 
Conflicts of Interest
[bookmark: _GoBack]NAC, NBZ, and NF received an investigator initiated grant by GlaxoSmithKline Biologicals to support data collection. NAC has received research grant support and honoraria for participation in rotavirus vaccine advisory board meetings from GlaxoSmithKline Biologicals. DH has received research grant support on the topic of rotavirus vaccines from GlaxoSmithKline Biologicals, Sanofi Pasteur and Merck and Co (Kenilworth, New Jersey, US) after the closure of Sanofi Pasteur-MSD in December 2016. 

References
1. Liu L, Oza S, Hogan D, et al. Global, regional, and national causes of child mortality in 2000-13, with projections to inform post-2015 priorities: an updated systematic analysis. Lancet 2015;385(9966):430-40. doi: 10.1016/S0140-6736(14)61698-6
2. O'Brien KL, Wolfson LJ, Watt JP, et al. Burden of disease caused by Streptococcus pneumoniae in children younger than 5 years: global estimates. The Lancet 2009;374(9693):893-902. doi: http://dx.doi.org/10.1016/S0140-6736(09)61204-6
3. Wahl B, O'Brien KL, Greenbaum A, et al. Burden of Streptococcus pneumoniae and Haemophilus influenzae type b disease in children in the era of conjugate vaccines: global, regional, and national estimates for 2000-15. Lancet Glob Health 2018;6(7):e744-e57. doi: 10.1016/S2214-109X(18)30247-X
4. Tate JE, Burton AH, Boschi-Pinto C, et al. Global, Regional, and National Estimates of Rotavirus Mortality in Children &lt;5 Years of Age, 2000–2013. Clin Infect Dis 2016;62(suppl_2):S96-S105. doi: 10.1093/cid/civ1013
5. Shah N. Impact of pneumococcal conjugate vaccines (PCV) on pneumonia, the forgotten killer of children. Pediatric Infectious Disease 2016;8(2):72-75. doi: http://dx.doi.org/10.1016/j.pid.2016.06.001
6. World Health Organization. Rotavirus vaccines: WHO position paper - January 2013. WHO Weekly Epidemiological record 2013;88(5):49-64.
7. World Health Organization. Pneumococcal Vaccines: WHO position paper - 2012`. WHO Weekly Epidemiological record 2012;87(14):129-44.
8. Andrews NJ, Waight PA, Burbidge P, et al. Serotype-specific effectiveness and correlates of protection for the 13-valent pneumococcal conjugate vaccine: a postlicensure indirect cohort study. The Lancet Infectious Diseases 2014;14(9):839-46. doi: http://dx.doi.org/10.1016/S1473-3099(14)70822-9
9. Harboe ZB, Dalby T, Weinberger DM, et al. Impact of 13-Valent Pneumococcal Conjugate Vaccination in Invasive Pneumococcal Disease Incidence and Mortality. Clin Infect Dis 2014;59(8):1066-73. doi: 10.1093/cid/ciu524
10. Moore MR, Link-Gelles R, Schaffner W, et al. Effect of use of 13-valent pneumococcal conjugate vaccine in children on invasive pneumococcal disease in children and adults in the USA: analysis of multisite, population-based surveillance. The Lancet Infectious Diseases 2015;15(3):301-09. doi: http://dx.doi.org/10.1016/S1473-3099(14)71081-3
11. Ayieko P, Griffiths UK, Ndiritu M, et al. Assessment of health benefits and cost-effectiveness of 10-valent and 13-valent pneumococcal conjugate vaccination in Kenyan children. Plos One 2013;8(6):e67324. doi: 10.1371/journal.pone.0067324
12. Wu DB-C, Chaiyakunapruk N, Chong H-Y, et al. Choosing between 7-, 10- and 13-valent pneumococcal conjugate vaccines in childhood: A review of economic evaluations (2006–2014). Vaccine 2015;33(14):1633-58. doi: http://dx.doi.org/10.1016/j.vaccine.2015.01.081
13. Becker-Dreps S, Amaya E, Liu L, et al. Changes in Childhood Pneumonia and Infant Mortality Rates Following Introduction of the 13-valent Pneumococcal Conjugate Vaccine in Nicaragua. The Pediatric Infectious Disease Journal 2014;33(6):637–42.
14. Schuck-Paim C, Taylor RJ, Alonso WJ, et al. Effect of pneumococcal conjugate vaccine introduction on childhood pneumonia mortality in Brazil: a retrospective observational study. Lancet Glob Health 2019;7(2):e249-e56. doi: 10.1016/S2214-109X(18)30455-8
15. Suarez V, Michel F, Toscano CM, et al. Impact of pneumococcal conjugate vaccine in children morbidity and mortality in Peru: Time series analyses. Vaccine 2016;34(39):4738-43. doi: https://doi.org/10.1016/j.vaccine.2016.07.027
16. Bennani Mechita N, Obtel M, Elmarnissi A, et al. Decline in childhood respiratory-related mortality after the introduction of the pneumococcal conjugate vaccine in Morocco. J Infect Public Health 2019 doi: 10.1016/j.jiph.2019.06.021
17. von Mollendorf C, Tempia S, von Gottberg A, et al. Estimated severe pneumococcal disease cases and deaths before and after pneumococcal conjugate vaccine introduction in children younger than 5 years of age in South Africa. PLoS One 2017;12(7):e0179905. doi: 10.1371/journal.pone.0179905
18. Groome MJ, Page N, Cortese MM, et al. Effectiveness of monovalent human rotavirus vaccine against admission to hospital for acute rotavirus diarrhoea in South African children: a case-control study. The Lancet Infectious Diseases 2014;14(11):1096-104. doi: http://dx.doi.org/10.1016/S1473-3099(14)70940-5
19. Bar-Zeev N, Kapanda L, Tate JE, et al. Effectiveness of a monovalent rotavirus vaccine in infants in Malawi after programmatic roll-out: an observational and case-control study. The Lancet Infectious Diseases 2015;15(4):422-28. doi: http://dx.doi.org/10.1016/S1473-3099(14)71060-6
20. Richardson V, Hernandez-Pichardo J, Quintanar-Solares M, et al. Effect of rotavirus vaccination on death from childhood diarrhea in Mexico. N Engl J Med 2010;362(4):299-305. doi: 10.1056/NEJMoa0905211
21. Costa I, Linhares AC, Cunha MH, et al. Sustained Decrease in Gastroenteritis-related Deaths and Hospitalizations in Children Less Than 5 Years of Age After the Introduction of Rotavirus Vaccination: A Time-Trend Analysis in Brazil (2001-2010). Pediatr Infect Dis J 2016;35(6):e180-90. doi: 10.1097/inf.0000000000001143 [published Online First: 2016/03/19]
22. Paternina-Caicedo A, Parashar UD, Alvis-Guzman N, et al. Effect of rotavirus vaccine on childhood diarrhea mortality in five Latin American countries. Vaccine 2015;33(32):3923-8. doi: 10.1016/j.vaccine.2015.06.058 [published Online First: 2015/06/28]
23. Bar-Zeev N, King C, Phiri T, et al. Impact of monovalent rotavirus vaccine on diarrhoea-associated post-neonatal infant mortality in rural communities in Malawi: a population-based birth cohort study. The Lancet Global Health 2018;6(9):e1036-e44. doi: 10.1016/S2214-109X(18)30314-0
24. Bar-Zeev N, Kapanda L, King C, et al. Methods and challenges in measuring the impact of national pneumococcal and rotavirus vaccine introduction on morbidity and mortality in Malawi. Vaccine 2015;33(23):2637-45. doi: 10.1016/j.vaccine.2015.04.053
25. Hanquet G, Valenciano M, Simondon F, et al. Vaccine effects and impact of vaccination programmes in post-licensure studies. Vaccine 2013;31(48):5634-42. doi: 10.1016/j.vaccine.2013.07.006 [published Online First: 2013/07/17]
26. Crampin AC, Dube A, Mboma S, et al. Profile: The Karonga health and demographic surveillance system. Int J Epidemiol 2012 doi: 10.1093/ije/dys088
27. World Health Organization. Verbal autopsy standards: the 2012 WHO verbal autopsy instrument. Geneva: WHO 2012
28. Kurum E, Warren JL, Schuck-Paim C, et al. Bayesian Model Averaging with Change Points to Assess the Impact of Vaccination and Public Health Interventions. Epidemiology 2017;28(6):889-97. doi: 10.1097/EDE.0000000000000719
29. Cox DR, Oakes D. Analysis of survival data. London [etc.]: Chapman and Hall 1984.
30. King C, Beard J, Crampin AC, et al. Methodological challenges in measuring vaccine effectiveness using population cohorts in low resource settings. Vaccine 2015;33(38):4748-55. doi: 10.1016/j.vaccine.2015.07.062
31. White IR, Royston P, Wood AM. Multiple imputation using chained equations: Issues and guidance for practice. Stat Med 2011;30(4):377-99. doi: 10.1002/sim.4067
32. Royston P, Lambert PC. Flexible Parametric Survival Analysis Using Stata: Beyond the Cox Model: StataCorp LP 2011.
33. Jaffar S, Leach A, Smith PG, et al. Effects of misclassification of causes of death on the power of a trial to assess the efficacy of a pneumococcal conjugate vaccine in The Gambia. Int J Epidemiol 2003;32(3):430-6. [published Online First: 2003/06/05]
34. Byass P, Chandramohan D, Clark SJ, et al. Strengthening standardised interpretation of verbal autopsy data: the new InterVA-4 tool. Global Health Action 2012;5:10.3402/gha.v5i0.19281. doi: 10.3402/gha.v5i0.19281
35. Byass P, Herbst K, Fottrell E, et al. Comparing verbal autopsy cause of death findings as determined by physician coding and probabilistic modelling: a public health analysis of 54 000 deaths in Africa and Asia. Journal of Global Health 2015;5(1):010402. doi: 10.7189/jogh.05.010402
36. Kanyuka M, Ndawala J, Mleme T, et al. Malawi and Millennium Development Goal 4: a Countdown to 2015 country case study. Lancet Glob Health 2016;4(3):e201-14. doi: 10.1016/S2214-109X(15)00294-6
37. NSO. Malawi Demographic and Health Survey 2015-16. In: Office NS, ed. Zomba, Malawi: NSO/Malawi and ICF, 2017.
38. Ben-Shimol S, Givon-Lavi N, Greenberg D, et al. Cocontribution of Rotavirus and Pneumococcal Conjugate Vaccines to the Reduction of Pediatric Hospital Visits in Young Children. The Journal of Pediatrics 2017;182:253-59.e2. doi: https://doi.org/10.1016/j.jpeds.2016.11.041
39. Schlaudecker EP, Steinhoff MC, Moore SR. Interactions of diarrhea, pneumonia, and malnutrition in childhood: recent evidence from developing countries. Curr Opin Infect Dis 2011;24(5):496-502. doi: 10.1097/QCO.0b013e328349287d
40. O'Brien KL, Baggett HC, Brooks WA, et al. Causes of severe pneumonia requiring hospital admission in children without HIV infection from Africa and Asia: the PERCH multi-country case-control study. The Lancet 2019 doi: https://doi.org/10.1016/S0140-6736(19)30721-4
41. Zar HJ, Barnett W, Stadler A, et al. Aetiology of childhood pneumonia in a well vaccinated South African birth cohort: a nested case-control study of the Drakenstein Child Health Study. The Lancet Respiratory Medicine 2016;4(6):463-72. doi: https://doi.org/10.1016/S2213-2600(16)00096-5
42. Cutts FT, Zaman SMA, Enwere G, et al. Efficacy of nine-valent pneumococcal conjugate vaccine against pneumonia and invasive pneumococcal disease in The Gambia: randomised, double-blind, placebo-controlled trial. The Lancet 2005;365(9465):1139-46. doi: http://dx.doi.org/10.1016/S0140-6736(05)71876-6
43. Richardson  V, Hernandez-Pichardo  J, Quintanar-Solares  M, et al. Effect of Rotavirus Vaccination on Death from Childhood Diarrhea in Mexico. New Engl J Med 2010;362(4):299-305. doi: 10.1056/NEJMoa0905211
44. Lazzerini M, Seward N, Lufesi N, et al. Mortality and its risk factors in Malawian children admitted to hospital with clinical pneumonia, 2001-12: a retrospective observational study. Lancet Glob Health 2016;4(1):e57-68. doi: 10.1016/S2214-109X(15)00215-6
45. Is reduction in pneumococcal meningitis in non-vaccinated age groups in Malawi attributable to the introduction of 13-valent pneumococcal conjugate vaccine? 9th International Symposium on Pneumococci and Pneumococcal Diseases; 2014; Hyderabad, India.
46. McCollum ED, Nambiar B, Deula R, et al. Impact of the 13-Valent Pneumococcal Conjugate Vaccine on Clinical and Hypoxemic Childhood Pneumonia over Three Years in Central Malawi: An Observational Study. Plos One 2017;12(1):e0168209. doi: 10.1371/journal.pone.0168209
47. Loo JD, Conklin L, Fleming-Dutra KE, et al. Systematic Review of the Effect of Pneumococcal Conjugate Vaccine Dosing Schedules on Prevention of Pneumonia. The Pediatric Infectious Disease Journal 2014;33(Suppl 2 Optimum Dosing of Pneumococcal Conjugate Vaccine For Infants 0 A Landscape Analysis of Evidence Supportin g Different Schedules):S140-S51. doi: 10.1097/INF.0000000000000082
48. Carter ED, Tam Y, Walker N. Impact of vaccination delay on deaths averted by pneumococcal conjugate vaccine: Modeled effects in 8 country scenarios. Vaccine 2019;37(36):5242-49. doi: 10.1016/j.vaccine.2019.07.063
49. McCollum ED, King C, Deula R, et al. Pulse oximetry for children with pneumonia treated as outpatients in rural Malawi. Bull World Health Organ 2016;94:893-902. doi: http://dx.doi.org/10.2471/BLT.16.173401
50. Valadez JJ, Weld LH. Maternal recall error of child vaccination status in a developing nation. Am J Public Health 1992;82(1):120-22. doi: 10.2105/AJPH.82.1.120
51. Gareaballah ET, Loevinsohn BP. The accuracy of mothers' reports about their children's vaccination status. B World Health Organ 1989;67(6):669-74.
52. Langsten R, Hill K. The accuracy of mothers' reports of child vaccination: evidence from rural Egypt. Soc Sci Med 1998;46(9):1205-12. doi: 10.1016/S0277-9536(97)10049-1



Table 1: Description of Study 2 cohort, including vaccine and socio-economic status by survival
	Variable
	
	Survived
N (%)
	Deceased
N (%)

	TOTAL
	
	37,926
	454

	PCV13 doses*
	0 doses
	1,657 (4%)
	43 (9%)

	
	1 dose
	343 (1%)
	21 (5%)

	
	2 doses
	1,242 (3%)
	53 (12%)

	
	3 doses
	33,703 (89%)
	331 (73%)

	
	Missing
	982 (3%)
	6 (1%)

	RV1 introduction*
	Pre-RV1
	9,208 (24%)
	131 (29%)

	
	Post-RV1
	 28,718 (76%)
	323 (71%)

	Mother’s marital status* 
	Married 
	34,055 (90%)
	345 (76%)

	
	Single 
	2,023 (5%)
	46 (10%)

	
	Separated/widow 
	1,752 (5%)
	47 (10%)

	
	Mother deceased 
	28 (0%)
	10 (2%)

	
	Missing
	68 (0%)
	6 (1%)

	Mother’s education *
	None 
	4,457 (12%)
	69 (15%)

	
	Primary 
	28,765 (76%)
	339 (75%)

	
	Secondary/tertiary 
	4,631 (12%)
	39 (9%)

	
	Missing
	73 (0%)
	7 (1%)

	House quality* ~
	Worst 
	28,920 (76%)
	365 (80%)

	
	Middle 
	5,637 (15%)
	51 (11%)

	
	Best 
	3,305 (9%)
	32 (7%)

	
	Missing
	64 (0%)
	6 (1%)

	Water source* 
	Open source 
	7,399 (20%)
	110 (24%)

	
	Protected source 
	30,476 (80%)
	338 (75%)

	
	Missing
	51 (0%)
	6 (1%)

	Toilet facility* 
	None 
	7,334 (19%)
	73 (16%)

	
	Some 
	30,539 (81%)
	375 (83%)

	
	Missing
	53 (0%)
	6 (1%)

	
	Median (IQR)
	Median (IQR)

	Household assets* #
	1 (0 - 3)
	1 (0 - 2)

	Mother’s age at child’s birth*†
	25 (21 - 31)
	26 (22 - 33)

	* P-value<0·05 from chi2 test in categorical variables and t-test comparison of means in continuous variables between surviving and deceased children.
~ House quality is a composite of the construction materials use to make the roof, walls and floor
# Household assets include: bicycle, radio, ox cart and mobile phone; mean in survived = 1·5, mean in deceased = 1·2.
† Mean in survived = 26·1; Mean in deceased = 28·0. 





Table 2: Adjusted Cox proportional hazards survival analysis of non-traumatic deaths in age-eligible infants (Study 2)
	Variable
	Adjusted hazard ratio*
	95% CI
	p-value

	PCV13 status
	0 doses
1 dose
2 doses
	1·00
0·49
0·65
	
0·28, 0·84
0·44, 0·96
	
0·009
0·029

	
	3 doses
	0·55
	0·40, 0·77
	<0·001

	RV1 introduction
	Pre-RV1
	1·00
	
	

	
	Post-RV1
	0·78
	0·63, 0·97
	0·023

	House**
	Worst 
	1·00
	
	

	
	Medium 
	0·74
	0·54, 1·02
	0·063

	
	Best 
	1·00
	0·68, 1·47
	0·992

	Mother’s marital status 
	Married 
	1·00
	
	

	
	Single 
	2·33
	1·67, 3·23
	<0·001

	
	Separated/widowed 
	2·30
	1·67, 3·17
	<0·001

	
	Mother deceased 
	40·22
	20·42, 79·21
	<0·001

	Mother’s education 
	None 
	1·00
	
	

	
	Primary 
	1·01
	0·76, 1·33
	0·964

	
	Secondary/tertiary 
	0·73
	0·47, 1·13
	0·157

	Water 
	Protected source 
	1·00
	
	

	
	Open source 
	1·24
	0·99, 1·55
	0·061

	Toilet 
	None 
	1·00
	
	

	
	Some facility 
	1·42
	1·09, 1·83
	0·008

	Household Assets***
	0·82
	0·74, 0·90
	<0·001

	Mother’s age at birth
	1·04
	1·03, 1·06
	<0·001

	CI = Confidence Interval
*All variables were included in the adjusted model
**House quality is a composite of the construction materials use to make the roof, walls and floor
***Household assets include: bicycle, radio, ox cart and mobile phone
Model satisfied proportional hazards assumption across all 10 imputations (average p-value = 0·629). 

	 




1

