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Abstract 

Observational evidence suggests that pneumococcal conjugate vaccines (PCVs) 

are more effective at reducing the incidence of hypoxaemic pneumonia com-

pared to non-hypoxaemic pneumonia. We examined the impact of 10-valent PCV 

(PCV10, Synflorix) on hypoxaemic pneumonia hospital admissions using data from 

an existing PCV impact study of clinical and radiographic pneumonia. PCV10 was 

introduced, with catch-up among children under 5 years, in the Kilifi Health and 

Demographic Surveillance System (KHDSS) in January 2011. We undertook an 

interrupted time-series (ITS) analysis using seasonally-adjusted segmented Poisson 

regression of hypoxaemic and non-hypoxaemic pneumonia, accounting for secular 

trends, from January 2007 to December 2019 among KHDSS residents aged 2–59 

months. The median monthly crude incidence of hypoxaemic pneumonia per 100,000 

person- years was 95 (IQR 80–139) in the pre-PCV10 period. Time-series regression 

estimated PCV10 introduction was associated with an increase in the incidence of 

hypoxaemic pneumonia in children aged 2–59 months (IRR 1.63, 95% CI 1.10–2.41), 

whereas it was associated with a decrease in the incidence of non-hypoxaemic pneu-

monia (IRR 0.61, 95% CI 0.48–0.77). Despite the consistent pneumonia surveillance 

and robust ITS analysis which accounted for pre-PCV10 secular trend and season-

ality, the apparent association with hypoxaemic pneumonia is likely due to unmea-

sured time-varying confounders around the time of vaccine introduction, such as the 

epidemiology of other respiratory pathogens. This study highlights limitations in the 

analysis and interpretation of observational data in vaccine impact studies against 

pneumonia.
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Introduction

Pneumococcal conjugate vaccines (PCVs) were first licenced in 2000 and are 
currently in programmatic use in 166 countries, 47 of which are supported by Gavi, 
The Vaccine Alliance [1,2]. Whilst these vaccines have contributed to the reduction in 
disease caused by Streptococcus pneumoniae, pneumococcal pneumonia remains 
an important cause of morbidity and mortality globally [3,4].

Accurately quantifying PCV effectiveness and impact for the range of important 
pneumonia outcomes is complicated by low positive predictive values (PPV) of pneu-
monia diagnoses for pneumococcal pneumonia, particularly of clinically diagnosed 
pneumonia. In an effort to increase the PPV of clinically diagnosed pneumonia for 
pneumococcal pneumonia, pneumonia with hypoxaemia is increasingly used as an 
outcome. Impact and effectiveness estimates for hypoxaemic pneumonia have been 
reported following programmatic introduction of PCV in Malawi, The Gambia, Papua 
New Guinea, Laos, Mongolia and Fiji [5–10]. In each of these studies, the positive 
impact or effectiveness estimates for hypoxaemic pneumonia are larger than those 
for clinical pneumonia.

PCV10 (Synflorix) was introduced into the Kenyan immunisation programme in 
2011. Demographic and hospital admission surveillance data have been collected in 
Kilifi, Kenya since 2002 [11]. Previous analyses from this population estimated that 
in children under 5 years, the introduction of PCV10 was associated with a reduction 
in clinically and radiologically-diagnosed pneumonia of 27% (95% CI 3–46) and 48% 
(95% CI 14–68), respectively [12]. In this study, we report the impact of PCV10 on 
hypoxaemic pneumonia using additional data from existing pneumonia surveillance in 
Kilifi.

Materials and methods

Ethics statement

Parents or guardians provided written consent for inclusion. This study was approved 
by the Kenya Medical Research Institute Scientific and Ethics Review Unit, Oxford 
Tropical Research Ethics Committee, and the London School of Hygiene and Tropical 
Medicine Ethics Committee.

Surveillance and population

The Kilifi Health and Demographic Surveillance System (KHDSS) operates within 
Kilifi County, Kenya [11,13]. Household surveys record births, deaths and migration 
events 4–6 monthly. After steady population growth to its maximum in 2012, the 
KHDSS population remained static at approximately 44,000 for children aged 2–59 
months (S1 Fig). The Kilifi County Hospital (KCH) offers the main inpatient paediatric 
facility serving the KHDSS population [14]. On admission to KCH, KHDSS and clini-
cal data are linked by matching a set of demographic details [11].

PCV10 was introduced into the Kenyan routine immunisation programme in 2011 
with a 3 + 0 schedule, administered at 6, 10 and 14 weeks of life. A national catch-up 
campaign offered three doses to infants during 2011. In Kilifi County, two additional 
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catch-up campaigns between January to the end of March 2011 offered two doses to children aged 12–59 months. In 
2011, 79.9% and 85.5% of children aged 2–11 months and 12–23 months had at least two doses of PCV10, respectively. 
These proportions increased to 84.3% and 88.6% in 2016 [12,15].

Outcomes

Pneumonia was defined according to syndromic definitions as per the 2005 WHO guidelines [16]. Hypoxaemia is one 
clinical sign which defines very severe pneumonia (so all hypoxaemic pneumonia cases were classified as very severe). 
Hypoxaemia was defined as a blood oxygen saturation of <90% on admission (recorded at sea level using Edan, SPEC-
TRO2 and Nellcor pulse oximeter devices). Non-hypoxaemic pneumonia was defined as pneumonia without hypoxaemia 
on admission. Only oxygen saturations recorded at the time of admission were used to classify a case as hypoxaemic or 
non-hypoxaemic.

All children were screened on admission for malaria (defined as the presence of any parasitaemia on thick and thin 
Giemsa-stained blood slides) and severe malnutrition (classified as a binary variable, defined as weight-for-age less than 
−3 Z scores below the median of the WHO standards) [17]. Since 2007, HIV was tested for in children whose parents or 
guardians gave verbal consent. At clinician discretion, among children with respiratory symptoms, nasopharyngeal sam-
ples were tested for respiratory syncytial virus (RSV) by PCR. Chest x-rays were taken for investigation of severe or very 
severe pneumonia from April 2006 [12].

Statistical analysis

Data were accessed on 15/03/2021. Data were available from May 2002 to December 2019. There was a large decline 
in the incidence of WHO-defined clinical pneumonia between May 2002 and December 2006 (likely due to a decline in 
malaria which can cause similar clinical features to pneumonia resulting in possible misclassification), so the analysis was 
restricted from January 2007 to December 2019 [18].

Between January 2007 and December 2019, monthly incidence rates of hypoxaemic and non-hypoxaemic pneumonia 
in children aged ≥2 to ≤59 months were calculated by dividing the monthly case count by the mid-monthly population and 
reported per 100,000. KHDSS mid-monthly populations were used to estimate monthly person years at risk. The case 
counts were restricted to admissions to KCH by KHDSS residents.

An interrupted time-series (ITS) analysis was conducted using segmented Poisson regression. A step-change model 
(without a lag) was hypothesised a priori because PCV10 was introduced with a catch-up campaign for all children 
under 5 years of age, achieving good coverage as described under ‘surveillance and population’. Hypoxaemic and non- 
hypoxaemic pneumonia were modelled separately. Monthly case counts were included as the response variable with 
the log mid-monthly KHDSS population included as an offset variable to model rates. A linear time-trend was included 
and seasonality was accounted for by including calendar month as a categorical variable. The analysis excluded months 
during which vaccine roll out took place (January to March 2011) and months during which healthcare workers were on 
strike (S1 Table) [12,19,20]. Autocorrelation and heteroscedasticity were accounted for by adjusting the standard errors 
using the Newey-West method up to lag 3 [20]. Wald p-values were used throughout.

Model checking was conducted by plotting the deviance residuals over time and by plotting the partial autocorrelation 
function of the deviance residuals. For both hypoxaemic and non-hypoxaemic pneumonia, there was evidence of remain-
ing autocorrelation (lag 1). Residual autocorrelation and heteroscedasticity were accounted for by adjusting the standard 
errors using the Newey-West method up to lag 3 [21]. Wald p-values were used throughout.

A stratified analysis was conducted to investigate whether the effect of PCV10 on the incidence rate of hypoxaemic and 
non-hypoxaemic pneumonia varied by age group (2–11 months, 12–23 months, 24–59 months), and chest x-ray, RSV and 
malaria results. Analyses were performed in Stata version 18.
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Role of the funding source

The funders had no role in any aspect of the development of this study.

Results

Between May 2002 and December 2019, there were 24,326 admissions to KCH of KHDSS-resident children aged 2–59 
months (Fig 1). Of these, 13,208 (54.3%) were admitted with WHO-defined clinical pneumonia. Following exclusions, the 
total number of pneumonia cases was 6,995 (53.0%), of which 6,487 (92.7%) were non-hypoxaemic and 508 (7.3%) were 
hypoxaemic.

Of the 24,326 admissions between May 2002 and December 2019, 111 (0.5%) were excluded due to missing pneumo-
nia symptoms (cough and difficulty breathing). Seventeen (of 13,208, 0.1%) pneumonia admissions were missing pulse 
oximetry data. Among pneumonia admissions, 808/6,995 (11.6%) were missing HIV test data, 196/6,995 (2.8%) were 
missing malnutrition data, 317/6,995 (4.5%) were missing malaria data, 4,545/6,995 (65.0%) were missing chest x-ray 
data, and 3,296/6,995 (47.1%) were missing RSV data.

Children with hypoxaemic pneumonia were younger than those with non-hypoxaemic pneumonia (median age 11.5 
months (IQR 5–23) and 14 months (IQR 7–27), respectively), and a larger proportion was HIV-positive and malnourished 
(S2 Table). A larger proportion of non-hypoxaemic admissions was fully PCV10 vaccinated compared to hypoxaemic 
admissions: 2,3462/3,109 (75.5%) and 214/318 (67.3%) respectively.

The incidence rate of all-cause admissions declined until 2013 then stabilised at approximately 2,000 per 100,000 
person- years for children aged 2–59 months (S2 Fig). Mortality rates following all-cause admissions (KHDSS residents 
who died in hospital from any cause from the KHDSS population) and pneumonia admissions were stable during the 
included study period at 0–200 per 100,000 person-years per month (S3 Fig and S4 Fig). Among children aged 2–59 
months, the annual percentage of pneumonia admissions that were resident in the KHDSS decreased from a maximum of 
62.5% in 2004 to a minimum of 42.1% in 2019 (S5 Fig for monthly values).

There was no evidence of a time-varying association between the incidence of admission to hospital with pneumonia 
(hypoxaemic and non-hypoxaemic) and age (S6 Fig) or sex (S7 Fig). There was no evidence of a change in proportion 
of children who had co-morbid malnutrition with hypoxaemic or non-hypoxaemic pneumonia over time (S8 Fig), nor 
co- morbid HIV with hypoxaemic or non-hypoxaemic pneumonia (from mid-2005 onwards, S9 Fig). The incidence rate of 
malaria was high and rapidly decreased prior to 2007, thereafter remaining relatively stable (S10 Fig). For RSV, the rate 
slightly increased until 2008/2009, thereafter it decreased (S11 Fig).

The crude median monthly incidence rate per 100,000 person-years for children aged 2–59 months admitted with 
hypoxaemic pneumonia was 95 (IQR 80–139) in the pre-intervention period and 79 (IQR 53–131) in the post-intervention 
period (Table 1). On visual inspection of the trend, the incidence increased between 2011 and 2014, and subsequently 
decreased to less than pre-intervention levels (S12 Fig). Although the crude annual incidence rates decreased over the 
study period, the rates fluctuated between years (S3 Table). For non-hypoxaemic pneumonia, the pre-intervention crude 
median monthly incidence rate per 100,000 person-years was 1,791 (IQR 1,363–2,360) and 834 (IQR 673–993) in the 
post-intervention period (Table 1). There was fluctuation with an overall reduction in the rate of non-hypoxaemic pneumo-
nia over the surveillance period in each age group (S3 Table and S13 Fig).

The segmented Poisson model, adjusted for time-trend and seasonality through calendar month, estimated a 63% 
increase in the incidence of hypoxaemic pneumonia associated with PCV10 introduction in children aged 2–59 months 
(IRR 1.63, 95% CI 1.10–2.41, p = 0.014; Table 2 and Fig 2). Although the effect estimate increased with increasing age 
group, there was no statistical evidence of a difference between strata (on the basis of overlapping confidence intervals) 
and no evidence of effect in individual age strata. The same model estimated a 1% reduction per month of the baseline 
incidence of hypoxaemic pneumonia, following adjustment for seasonality and PCV10 introduction (IRR 0.992, 95% CI 
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Fig 1. Flow diagram of admissions to Kilifi County Hospital (KCH). KHDSS = Kilifi Health and Demographic Surveillance System.

https://doi.org/10.1371/journal.pgph.0004888.g001

https://doi.org/10.1371/journal.pgph.0004888.g001
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0.987–0.997, p = 0.001; S4 Table). Given the apparent increase in incidence between 2011–2014, a post-hoc sensitivity 
analysis censored these years (the pre- and post-intervention years were 2007–2010 and 2015–2019, respectively, as 
the incidence appeared more stable between 2015 and 2019). This estimated a 37% reduction in hypoxaemic pneumonia 
associated with PCV10 introduction in children aged 2–59 months (IRR 0.63, 95% CI 0.30–1.33, p = 0.225).

The equivalent model for non-hypoxaemic pneumonia estimated a decrease in its incidence by 39% associated with 
PCV10 introduction (IRR 0.61, 95% CI 0.48–0.77, p < 0.001; Table 2 and Fig 3). Although the largest effect was in the 
24–59 age group (IRR 0.50, 95% CI 0.39–0.67, p < 0.001), there was no statistical evidence of a difference in estimates 
between strata (Table 2). After adjusting for season and PCV10 introduction, the monthly baseline incidence of non- 
hypoxaemic pneumonia decreased by 1% per month (IRR 0.997, 95% CI 0.994–0.999, p = 0.015; S4 Table).

Seasonality was incorporated through inclusion of calendar month because there was evidence of confounding by 
seasonality (S5 Table). Compared with seasonal adjustment through Fourier terms, calendar month adjustment led to 
an improved model fit (S5 Table). There was no evidence of interaction between study time and vaccine period for either 
hypoxaemic or non-hypoxaemic pneumonia (IRR 1.00, 95% CI 0.99–1.00, p = 0.373 and 1.00, 0.99–1.00, p = 0.705 respec-
tively). This suggests there was no evidence that the trend was different during the pre- and post-intervention periods.

Table 1. Crude median monthly counts and incidence rates of hypoxaemic and non-hypoxaemic pneumonia in KHDSS-resident children 
admitted to Kilifi County Hospital during the pre- and post-intervention period, by age group.

Age (months) Case counts Incidence rate per 100,000

Pre-intervention Post-intervention Pre-intervention Post-intervention

Median IQR Median IQR Median IQR Median IQR

Hypoxaemic pneumonia

2-59 3.5 3–5 3 2–5 95 80–139 79 53–131

2-11 2 1–3 1 0–2 325 159–487 164 0–329

12-23 1 0–1 1 0–1 120 0–132 123 0–132

24-59 1 0–2 0 0–1 44 0–89 0 0–43

Non-hypoxaemic pneumonia

2-59 65.5 49.5–87.5 31 25–37 1,791 1,363–2,360 834 673–993

2-11 25.5 19.5–36.5 12 9–17.5 3,930 3,234–5,701 1,867 1,450–2,798

12-23 20 13.5–27 9 6–12 2,557 1,726–3,404 1,175 779–1,570

24-59 19 14.5–24 9 7–13 858 654–1,056 382 303–556

Based on 48 and 96 pre- and post-intervention time-points respectively (January 2007-December 2019). Excluding 3-month intervention period and 9 
months of healthworker strikes. Pneumonia as defined by WHO 2005 definition. Hypoxaemic pneumonia defined as pneumonia with oxygen saturations 
on admission of <90%. IQR = interquartile range; KHDSS = Kilifi Health and Demographic Surveillance System.

https://doi.org/10.1371/journal.pgph.0004888.t001

Table 2. Summary regression model estimates for KHDSS-resident children admitted to Kilifi County Hospital with hypoxaemic and non- 
hypoxaemic pneumonia by age group. Fitted by segmented Poisson regression, adjusted for time-trend and seasonality (through calendar 
month). Newey-West standard errors used to account for autocorrelation (lag three). All estimates based on 144 time points (48 pre, 96 post): 
data between January 2007 and December 2019, excluding 9 months of healthworker strikes and 3 months of intervention roll-out. Pneumonia 
as defined by WHO 2005 definition. Hypoxaemic pneumonia defined as pneumonia with oxygen saturations on admission of <90%. P-values 
are two-sided (Wald p-values). IRR = incidence rate ratio; KHDSS = Kilifi Health and Demographic Surveillance System.

Age (months) Hypoxaemic pneumonia Non-hypoxaemic pneumonia

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

2-59 1.63 1.10–2.41 0.014 0.61 0.48–0.77 <0.001

2-11 1.49 0.89–2.48 0.126 0.66 0.50–0.87 0.004

12-23 1.76 0.87–3.57 0.116 0.65 0.49–0.87 0.004

24-59 1.87 0.81–4.31 0.140 0.50 0.37–0.69 <0.001

https://doi.org/10.1371/journal.pgph.0004888.t002

https://doi.org/10.1371/journal.pgph.0004888.t001
https://doi.org/10.1371/journal.pgph.0004888.t002
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Separate models were built to stratify hypoxaemic and non-hypoxaemic pneumonia estimates by chest x-ray (radio-
logical evidence of pneumonia or no radiological evidence of pneumonia), RSV (positive or negative), and malaria (par-
asitaemia positive or negative; S6 Table). The stratified hypoxaemic model estimated that there was a large effect in 
RSV-positive hypoxaemic pneumonia associated with PCV10 introduction in children aged 2–59 months (IRR 4.31, 95% 
CI 1.06–17.56, p = 0.041) compared to RSV negative (IRR 1.85, 95% CI 1.15–2.98, p = 0.012). For malaria, there was no 
evidence of an effect of vaccine introduction in hypoxaemic and non-hypoxaemic pneumonia cases which were malaria 
positive (IRR 1.39, 95% CI 0.44–4.44, p = 0.578 and IRR 0.94, 95% CI 0.48–1.83, p = 0.840, respectively), whereas the 
effect sizes in those who were malaria negative were similar to unstratified estimates. However, for each stratified analy-
sis, overlapping confidence intervals suggest there was no evidence of any difference between strata.

Discussion

These results suggest that the introduction of PCV10 to children under five years in Kilifi was temporally associated with a 
decrease in the incidence of non-hypoxaemic all-cause pneumonia by 39% in 2–59-month-olds. In contrast, PCV10 intro-
duction was temporally associated with a 63% increase in the incidence of hypoxaemic all-cause pneumonia. The scatter 
trend indicated an increase in incidence from 2011 to 2014, giving the appearance of a multiyear ‘epidemic’ of hypoxae-
mic pneumonia around the time of vaccine introduction, with a subsequent reduction to less than pre-intervention levels. 
Excluding these unstable years from the analysis estimated a non-significant reduction of 37% in hypoxaemic pneumonia 
in children aged 2–59 months. All-cause hypoxaemic pneumonia incidence declined during the surveillance period by 1% 
per month following adjustment for seasonality and PCV10.

Fig 2. Monthly incidence rates of hypoxaemic pneumonia in KHDSS-resident children aged 2-59 months admitted to Kilifi County Hospital. 
Predictions using segmented Poisson model, accounting for time and seasonality, excluding PCV10 introduction and healthworker strikes. Hypoxaemic 
pneumonia defined as pneumonia with oxygen saturations on admission of <90%. KHDSS = Kilifi Health and Demographic Surveillance System.

https://doi.org/10.1371/journal.pgph.0004888.g002

https://doi.org/10.1371/journal.pgph.0004888.g002
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The cumulative body of evidence from Kilifi supports a reduction in pneumococcal disease following PCV10 introduc-
tion across multiple outcomes: PCV10-type carriage declined (age-standardised adjusted prevalence ratio 0.26) [20]; 
PCV10-type invasive disease declined in vaccinated age groups (adjusted IRR 0.08) as well as unvaccinated age groups 
[20]; invasive disease caused by any serotype declined (adjusted IRR 0.32); and clinical and x-ray confirmed pneumonia 
declined (adjusted IRR 0.73 and 0.52, respectively) [12]. A systematic review of PCV10 and PCV13 impact studies in 
children aged under 5 years identified a reduction of 7–60% in all-cause pneumonia hospital admissions, 8–90% in severe 
pneumonia, 12–79% in radiological pneumonia, and 45–85% in pneumococcal pneumonia [22]. This highlights the large 
variability in impact estimates by pneumonia endpoint in different populations.

Our findings are not consistent with existing evidence on hypoxaemic pneumonia. An ITS analysis estimated the introduc-
tion of PCV13 in Malawi was associated with an increase in the incidence of pneumonia in children aged under 5 years by 
47% whereas hypoxaemic pneumonia incidence decreased by 47% [5]. This analysis was by ‘early’ and ‘late’ post-PCV13 
time-periods, so the time-trend was estimated from post-intervention data. The strength of evidence of effect was weaker 
for hospitalised hypoxaemic cases, a population more similar to our analysis, with a non-significant reduction of 36%. In The 
Gambia, a before/after analysis with adjustment for rate of referral estimated that hypoxaemic pneumonia declined by 60% 
in the 2–59 month age group, with the greatest effect of a reduction of 69% in the 12–23 month age group [6]. Streptococcus 
pneumoniae was isolated from 168/801 (21.0%) and 337/2,1954 (1.5%) of hypoxic and clinical pneumonia cases, respectively.

A test-negative case/control study in children aged under 5 in Laos estimated PCV13 effectiveness was 37% against 
hypoxaemia among patients with pneumonia [8]. A Papua New Guinean study adopted the same design [7]. PCV13 

Fig 3. Monthly incidence rates of non-hypoxaemic pneumonia in KHDSS-resident children aged 2-59 months admitted to Kilifi County Hospi-
tal. Predictions using segmented Poisson model, accounting for time and seasonality, excluding PCV10 introduction and healthworker strikes. Hypoxae-
mic pneumonia defined as pneumonia with oxygen saturations on admission of <90%. KHDSS = Kilifi Health and Demographic Surveillance System.

https://doi.org/10.1371/journal.pgph.0004888.g003

https://doi.org/10.1371/journal.pgph.0004888.g003
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effectiveness against hypoxaemia among patients with pneumonia was 28.7%. These results suggest that pneumococcal 
disease is likely concentrated in more severe pneumonia, and that pneumococcal pneumonias are more likely than alter-
native aetiologies to be hypoxaemic.

Comparing pre-PCV13 and post-PCV13 periods using negative binomial regression accounting for secular trends and 
district effect, a study from Mongolia found there was no reduction in all-cause clinical pneumonia or hypoxaemic pneumo-
nia in children aged 2–59 months (adjusted IRR 1.01 and 0.83, respectively) [9]. Finally, a synthetic control ITS study from 
Fiji estimated PCV10 introduction was associated with a reduction in hypoxaemic pneumonia of 46% in children aged 
2–23 months [10].

There is no biologically plausible explanation for a causal association between PCV10 introduction and the increase 
in hypoxaemic pneumonia. The non-hypoxaemic result is in line with previous analyses from Kilifi and other populations, 
providing reassurance of the internal validity of the findings. Despite the robust surveillance data and ITS analysis used in 
this study, it is likely that residual confounding explains the hypoxaemic pneumonia result. In an attempt to identify a pos-
sible source of confounding, stratified analyses were conducted by malaria parasitaemia results. The signs and symptoms 
of malaria can be difficult to differentiate from pneumonia and may be misdiagnosed as such [18]. There was no evidence 
that malaria accounted for the findings as PCV10 introduction remained associated with an increase in hypoxaemic pneu-
monia cases which were malaria negative.

RSV accounts for approximately one third of hospital admissions with pneumonia [23]. Over the course of the surveil-
lance period, there was no evidence of an increase in the rate of RSV positive admissions around the time of vaccine 
introduction. However, there was a large proportion of missing RSV data in pneumonia cases and the biases influencing 
RSV testing are unknown. It is likely that sicker children were more likely to be tested as the amount of missing data in 
hypoxaemic cases was 22.8% compared to 49.0% of non-hypoxaemic cases. If RSV was under-reported around the 
time of PCV10 introduction to 2014, it is possible that the epidemic behaviour of RSV could account for the increase in 
hypoxaemic pneumonia incidence. There was a weak suggestion that RSV may in part account for the apparent associa-
tion, as the stratum-specific estimate for RSV positive hypoxaemic pneumonia was very large (4.31, 95% CI 1.06–17.56, 
p = 0.041) compared to RSV negative (1.85, 95% CI 1.15–2.98, p = 0.012). However there remains a positive effect in RSV 
negative hypoxaemic pneumonia which has not been explained.

There are other possible hypotheses to explain the apparent association. It is possible that a multiyear outbreak of 
an undiagnosed virus (or viruses) could explain the findings if infection tended to cause pneumonia with hypoxaemia. 
The vaccination campaign may have caused a change in health-seeking behaviour because of having been vaccinated, 
whereby children present to hospital later with more severe disease, accounting for both an increase in hypoxaemic pneu-
monia incidence and a decrease in non-hypoxaemic pneumonia incidence. Healthworker strikes, between 2011 and 2013, 
are temporally coincident with PCV10 introduction and these may have caused residents to be more reluctant to attend 
hospital during this period and some may have delayed their presentation, resulting in the same effect. If a delay in pre-
sentation accounts for the increase in hypoxaemic pneumonia incidence, an increase in the mortality rate following admis-
sion with pneumonia might be expected (all else remaining constant). However, the mortality rate of KHDSS- resident 
children admitted with pneumonia decreased until 2010 and thereafter remained stable. Improvement in access to care 
in the form of transport and road infrastructure may have resulted in more severely unwell children presenting to hospital 
who otherwise would have died in the community. To account for the apparent association, these phenomena would need 
to be temporally associated with vaccine introduction, and not accounted for by the time-trend. The PERCH study, done 
just as PCV10 was introduced and lasting two years, involved rigorous testing and healthworker training including on 
pulse oximetry [23]. This may have increased the sensitivity of oximetry testing to detecting hypoxaemia.

Hypoxaemic pneumonia has gained traction as an outcome because of the hypothesis that hypoxaemia increases 
the PPV of clinical pneumonia for pneumococcal pneumonia. There is evidence that S. pneumoniae is associated with 
an increased tendency to cause hypoxaemia over other pathogens [7,8]. There is also evidence that bacteria are more 
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common aetiological pathogens in very severe pneumonia (of which hypoxaemia is one sign) compared with severe 
pneumonia, so the PPV for bacterial pneumonia (of all causes) could be increased through severity [23]. However, 
hypoxaemia can be caused by a range of other bacterial pathogens, viruses and malaria [23] in addition to other diseases 
including anaemia and cardiac disease which can be difficult to differentiate from pneumonia or may co-exist. Another 
explanation is that the efficacy of PCVs varies with pneumonia severity. If PCVs prevent severe disease more effectively 
that mild disease, a greater impact against hypoxaemic pneumonia than non-hypoxaemic pneumonia would be expected. 
If PCVs reduce severity of disease, a reduction in hypoxaemic pneumonia may be accompanied by an increase in non- 
hypoxaemic pneumonia. These scenarios were not observed in this study.

To conclude, this analysis identified a 63% increase in hypoxaemic pneumonia in children aged 2–59 months which 
was temporally associated with the introduction of PCV10 in Kilifi. This is likely driven by uncontrolled confounding, such 
as changes in the epidemiology of other respiratory pathogens, and is very unlikely to be attributable to PCV10 intro-
duction. Confidence in this conclusion is drawn from the study’s prospective cohort design, which included longitudinal 
surveillance of multiple disease endpoints and confounders, and strong evidence of impact against other pneumococcal 
disease endpoints. This study therefore highlights important limitations in the analysis and interpretation of observational 
data in pneumococcal pneumonia impact studies.
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