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Background. Globally, pneumonia is the leading cause of death among children. Few data exist regarding the effect of
Haemophilus influenzae type b (Hib) vaccine and 13-valent pneumococcal conjugate vaccine (PCV-13) on the burden of childhood
pneumonia in African settings.

Methods. We collected data on children aged 1 to 59 months at 3 hospitals in Botswana. Hib vaccine and PCV-13 were introduced in
Botswana in November 2010 and July 2012, respectively. We compared pneumonia hospitalizations and deaths prevaccine (January 2009
to October 2010) with postvaccine (January 2013 to December 2017) using seasonally adjusted, interrupted time-series analyses.

Results. We identified 6943 pneumonia hospitalizations and 201 pneumonia deaths. In the prevaccine period, pneumonia hos-
pitalizations and deaths increased by 24% (rate, 1.24; 95% CI, .94-1.64) and 59% (rate, 1.59; 95% CI, .87-2.90) per year, respectively.
Vaccine introduction was associated with a 48% (95% CI, 29-62%) decrease in the number of pneumonia hospitalizations and a 50%
(95% CI, 1-75%) decrease in the number of pneumonia deaths between the end of the prevaccine period (October 2010) and the be-
ginning of the postvaccine period (January 2013). During the postvaccine period, pneumonia hospitalizations and deaths declined
by 6% (rate, .94; 95% CI, .89-.99) and 22% (rate, .78; 95% CI, .67-.92) per year, respectively.

Conclusions. Pneumonia hospitalizations and deaths among children declined sharply following introduction of Hib vaccine
and PCV-13 in Botswana. This effect was sustained for more than 5 years after vaccine introduction, supporting the long-term effec-

tiveness of these vaccines in preventing childhood pneumonia in Botswana.

Keywords.

immunization; sub-Saharan Africa; mortality; pediatric; bacterial pneumonia.

Pneumonia is the leading infectious cause of death among chil-
dren [1, 2]. Pneumonia mortality is particularly high in sub-Sa-
haran Africa, where nearly 500 000 child pneumonia deaths
occur each year [1, 3, 4]. Historically, Streptococcus pneumoniae
(pneumococcus) and Haemophilus influenzae type b (Hib)
were the 2 most frequent bacterial causes of pneumonia among
African children [5]. However, the use of effective conjugate
vaccines against these pathogens in Africa increased substan-
tially over the past decades, largely driven by support from the
Global Alliance for Vaccines and Immunizations (GAVI) [6].
As of 2017, all 47 World Health Organization African Region
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countries had introduced a Hib vaccine and 39 of 47 (83%)
countries had introduced a pneumococcal conjugate vaccine
to their routine immunization program [6]. Although Hib vac-
cines dramatically reduce the incidence of invasive Hib disease
[7], increases in the proportion of invasive disease caused by
non-type b H. influenzae have been reported in the post-Hib
vaccine era [8, 9]. Similarly, pneumococcal conjugate vaccines
effectively prevent invasive disease caused by vaccine serotypes,
but the emergence of nonvaccine serotypes has the potential to
compromise the long-term benefit of these vaccines over time
[10, 11]. At a time when a number of African countries are an-
ticipated to transition out of GAVI support in the near future,
there is an urgent need for data on the long-term effectiveness
of these vaccines on the burden of childhood pneumonia in
African countries.

In this study, we sought to determine the impact of introduc-
tion of Hib vaccine and 13-valent pneumococcal conjugate vac-
cine (PCV-13) on pneumonia hospitalizations and deaths over
a 9-year period in Botswana.
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METHODS

Study Setting

This was a retrospective study conducted from January to
March 2019 at 3 hospitals in Botswana: Nyangabgwe Referral
Hospital in Francistown, Princess Marina Hospital in Gaborone,
and Letsholathebe II Hospital in Maun. Nyangabgwe Referral
Hospital and Princess Marina Hospital are Botswana’s 2 tertiary
medical centers and are located in northeastern and southern
Botswana, respectively, while Letsholathebe IT Hospital is a dis-
trict hospital in northwestern Botswana. These hospitals serve
the 3 most populous regions in Botswana, which together ac-
count for over 70% of the countrys urban population [12].
Botswana’s Expanded Programme on Immunization is fully
funded by the government [13, 14]. Hib vaccine, administered
as a component of a pentavalent vaccine (diphtheria, tetanus,
pertussis, hepatitis B, and H. influenzae type b conjugate vac-
cine; Serum Institute of India Ltd, Pune, India), was introduced
in November 2010 and PCV-13 (Prevnar-13; Pfizer, Inc, New
York, NY), was introduced in July 2012. Both vaccines are ad-
ministered at 2, 3, and 4 months of age and were introduced
without a catch-up campaign. Complete vaccine series coverage
rates for Hib vaccine and PCV-13 are estimated at 82-95%
and 81-95%, respectively [13]. This study was approved by
the Health Research and Development Committee (Ministry
of Health, Botswana), ethics committees at each hospital site,
and institutional review boards at the University of Botswana,
the Children’s Hospital of Philadelphia, the University of
Pennsylvania, and Duke University.

Study Population

We recorded hospitalizations of children 1 to 59 months of age
with a discharge diagnosis of pneumonia between January 2009
and December 2017. Due to the difficulty in distinguishing be-
tween lower respiratory tract diagnoses in a setting with limited
diagnostic capabilities, we defined pneumonia as a discharge
diagnosis of “pneumonia,” “lower respiratory infection,” “res-
piratory tract infection,” “lower respiratory tract infection,”
“bronchitis,” “bronchiolitis,” “PCP;’ “aspiration pneumonia,”
“bronchopneumonia,” or “pulmonary TB” If the discharge di-
agnosis was missing, we used the admission diagnosis.

To assess for changes in the catchment populations served
by the study hospitals over time, we recorded the number of
hospitalizations for ingestion among children 1 to 59 months
of age between January 2009 and December 2017. We chose
ingestions as a comparator group because this indication for
hospitalization was not anticipated to be affected by vaccine
introduction and the incidence of ingestions was previously
shown to be stable in a study conducted at these hospitals be-
tween 2009 and 2014 [15]. We recorded hospitalizations with
a discharge diagnosis of drug or toxin ingestion, intoxication,
poisoning, chemical pneumonitis, drug overdose, or foreign

body ingestion [15]. We excluded hospitalizations for food poi-
soning or food intoxication, foreign body (in the ear, eye, or

nose), and traditional medicine ingestion.

Data Collection

We abstracted data from written admission and ward registers
at each of the 3 hospital sites. Study data were collected and
managed using REDCap electronic data-capture tools [16]. We
recorded data on demographics and, when available, informa-
tion on human immunodeficiency virus (HIV) exposure and
vaccination status. We recorded if the child was discharged to
home, died, or was transferred to the hospital intensive care
unit or to another hospital.

Statistical Analysis

We calculated the number of pneumonia hospitalizations and
the number of pneumonia deaths for each calendar month at
each hospital site. We excluded the 6-month periods following
the introduction of each vaccine to allow for vaccine rollout
and the development of immunity. In addition, the short time
period between introduction of Hib vaccine and PCV-13 in
Botswana precluded evaluation of the individual effect of these
vaccines. Thus, we considered the prevaccine period to be
from January 2009 to October 2010 and the postvaccine period
(after introduction of both vaccines) to be from January 2013
to December 2017. We used a seasonally adjusted, interrupted
time-series analysis using negative binomial regression to eval-
uate the effect of introduction of these vaccines on child pneu-
monia hospitalizations and deaths [17, 18]. Models included
time in months, vaccine period (prevaccine or postvaccine),
and the interaction between time in months and the vaccine
period as independent variables. We assumed that the numbers
of pneumonia hospitalizations and deaths at the 3 hospital sites
were independent. To adjust for seasonal trends in pneumonia
hospitalizations and deaths, we employed harmonic terms that
specified 2 pairs of sine and cosine functions within a period
of 12 months [19]. We assessed autocorrelation by examining
the residuals, autocorrelation functions, and partial autocor-
relation functions. For the outcome of pneumonia deaths, we
excluded children who were transferred to the intensive care
unit or another hospital, for whom mortality data were unavail-
able. However, we conducted a sensitivity analysis wherein chil-
dren who were transferred to the intensive care unit or another
hospital were classified as having died. Complete data were
available for 235 of 246 site-months, including 56 of 66 (85%)
site-months in the prevaccine period and 179 of 180 (99%) site-
months in the postvaccine period. We assumed these missing
data to be missing at random and excluded these data from
analyses. We used negative binomial regression to evaluate for
a trend in the number of ingestion hospitalizations during the
9-year study period. We performed statistical analyses using R
version 3.6.1 (R Core Team, Vienna, Austria).
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RESULTS

Patient Characteristics

Characteristics of the study population by vaccine period are
shown in Table 1. The median (interquartile range [IQR]) age of
children hospitalized with pneumonia was 10 (5-19) months,
while the median (IQR) age of children who died of pneu-
monia was 6 (3-11) months. Data on HIV exposure status were
missing from the majority of children during the prevaccine pe-
riod. However, during the postvaccine period, nearly one-third
of pneumonia hospitalizations and almost half of pneumonia
deaths were among HIV-exposed children.

Pneumonia Hospitalizations

There were 6943 pneumonia hospitalizations during the study
period, of which 3194 were at Nyangabgwe Referral Hospital
in Francistown, 2350 were at Princess Marina Hospital in
Gaborone, and 1399 were at Letsholathebe I Memorial Hospital
in Maun. The annual mean number of pneumonia hospitaliza-
tions at all sites combined prior to vaccine introduction was
1290. During the prevaccine period, the number of pneumonia
hospitalizations increased by 24% per year (rate, 1.24; 95% con-
fidence interval [CI], .94-1.64) (Figure 1). Between the end
of the prevaccine period (October 2010) and the start of the
postvaccine period (January 2013), there was a 48% (95% CI,
29-62%) decrease in the number of pneumonia hospitaliza-
tions. During the postvaccine period, the annual mean number
of pneumonia hospitalizations across all sites declined to 798.
Moreover, the number of pneumonia hospitalizations con-
tinued to decrease by 6% per year (rate, .94; 95% CI, .89-.99)
during the postvaccine period.

The magnitude of the effect of vaccine introduction
on the number of pneumonia hospitalizations differed by
child age (Table 2). Among children 1-11 months of age,
vaccine introduction was associated with a 58% (95% CI,
39-70%) reduction in the number of pneumonia hospital-
izations and a continued decline of 6% per year (rate, .94;
95% CI, .88-.999) during the postvaccine period. Among
children older than 12 months of age, vaccine introduction
was associated with a 30% (95% CI, 3-50%) reduction in the
number of pneumonia hospitalizations and a continued de-
cline of 6% per year (rate, .94; 95% CI, .89-.996) during the
postvaccine period.

Pneumonia Deaths

There were 201 pneumonia deaths recorded during the
study period, of which 80 were in Francistown, 73 were in
Gaborone, and 48 were in Maun. The annual mean number
of pneumonia deaths at all hospital sites combined prior to
vaccine introduction was 35. During the prevaccine period,
the number of pneumonia deaths increased by 59% per year
(rate, 1.59; 95% CI, .87-2.90) (Figure 2). Between the end
of the prevaccine period (October 2010) and the start of the
postvaccine period (January 2013), there was a 50% (95%
CI, 1-75%) decrease in the number of pneumonia deaths.
During the postvaccine period, the annual mean number
of pneumonia deaths declined to 21. In addition, there was
a sustained decrease in the number of pneumonia deaths
of 22% per year (rate, .78; 95% CI, .67-.92). Three hun-
dred eighty-six (6%) children were transferred from the pe-
diatric ward to the intensive care unit or another hospital

Table 1. Characteristics of the Study Population by Vaccine Period

Pneumonia Hospitalizations

Pneumonia Deaths

Prevaccine Period

Postvaccine Period

Prevaccine Period Postvaccine Period

(n = 2954) (n =3989) (n=97) (n=104)
n % n % n % n %

Hospital site

Francistown 1359 46 1835 46 34 35 46 44

Gaborone 1034 85 1316 88 8Y 40 34 33

Maun 561 19 838 21 24 25 24 23
Age

1-11'm 1568 53 2178 55 84 87 73 70

12-59 m 1386 47 1811 45 13 13 31 30
Sex

Female 1300 44 1755 44 48 49 52 50

Male 1654 56 2234 56 49 51 52 50
HIV exposure status

HIV-exposed 561 19 1197 30 21 22 49 47

HIV-unexposed 620 21 2393 60 17 18 50 48

Unknown 1773 60 399 10 59 60 5 5

The prevaccine period corresponds to January 2009 to October 2010 and the postvaccine period (after introduction of Hib vaccine and PCV-13) corresponds to January 2013 to December

2017.

Abbreviations: Hib, Haemophilus influenzae type b; HIV, human immunodeficiency virus; PCV-13, 13-valent pneumococcal conjugate vaccine.
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Figure 1. Pneumonia hospitalizations among children 1-53 months of age in Botswana. The monthly number of pneumonia hospitalizations by study site is shown during
the prevaccine (January 2009 to October 2010) and postvaccine (January 2013 to December 2017) periods. Each point represents the number of pneumonia hospitalizations
in a given month at an individual hospital site. Lines were fitted to demonstrate trends with marginal effects (dashed lines) and seasonal effects (solid lines). During the
prevaccine period, the fitted lines correspond to a 2.4% increase per year in pneumonia hospitalizations. During the postvaccine period, the marginal fitted lines correspond
to a 6.1% decrease per year in pneumonia hospitalizations. A 48.3% decrease in pneumonia hospitalizations was observed between the marginal fitted lines at the end of
the prevaccine period and the start of the postvaccine period.

during the study period. Our findings did not substantively
differ in a sensitivity analysis in which we classified these
children as in-hospital deaths (Supplementary Table 1).
The effect of vaccine introduction on pneumonia deaths by
age is shown in Table 2.

Ingestion Hospitalizations

There were 1538 ingestion hospitalizations during the study pe-
riod, of which 848 were in Francistown, 458 were in Gaborone,
and 232 were in Maun. The median (IQR) age of children hos-
pitalized for ingestion was 2.1 (1.7, 3.0) years. The number of

Table 2. Effect of Vaccine Introduction on Pneumonia Hospitalizations and Deaths by Child Age

Annual Rate of Change (95% Cl) in the
Number of Pneumonia
Hospitalizations or Deaths: Prevaccine
(January 2009-October 2010)

Absolute Change in the Number (95% Cl) of
Pneumonia Hospitalizations or Deaths: Vaccine Hospitalizations or Deaths: Postvaccine
Introduction (October 2010-January 2013)

Annual Rate of Change (95% Cl) in the
Number of Pneumonia

(January 2013-December 2017)

Pneumonia hospitalizations

All ages 1.24 (.94, 1.64) -48.3% (-62.4%, —28.9%) .94 (.89, .99)

1-11'm 1.39 (1.02, 1.91) -575% (-70.2%, —39.3%) .94 (.88, .999)

12-59 m 1.03 (.77, 1.37) -29.9% (-49.6%, —2.7%) .94 (.89, .996)
Pneumonia deaths

All ages 1.59 (.87, 2.90) -50.1% (-74.9%, —.8%) .78 (.67, .92)

1-11'm 1.44 (.70, 2.99) -51.8% (-79.2%, +11.9%) .83 (.69, 1.01)

12-59 m 1.94 (.82, 4.61) -49.5% (-80.5%, +30.9%) .70 (.54, .90)

The rates of change in the number of hospitalizations and deaths per year are presented for the pre- and postvaccine periods. Changes in the number of hospitalizations (or deaths) related
to vaccine introduction were calculated as the difference between the number of pneumonia hospitalizations (or deaths) at the end of the prevaccine period and the start of the postvaccine
period.

Abbreviation: Cl, confidence interval.
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Figure 2.

Pneumonia deaths among children 1-59 months of age in Botswana. The monthly number of pneumonia deaths by study site is shown during the prevaccine

(January 2009 to October 2010) and postvaccine (January 2013 to December 2017) periods. Each point represents the number of pneumonia deaths in a given month at an
individual hospital site. Lines were fitted to demonstrate trends with marginal effects (dashed lines) and seasonal effects (solid lines). During the prevaccine period, the fitted
lines correspond to a 58.7% increase per year in pneumonia deaths. During the postvaccine period, the fitted lines correspond to a 21.8% decrease per year in pneumonia
deaths. A 50.1% decrease in pneumonia deaths was observed between the marginal fitted lines at the end of the prevaccine period and the start of the postvaccine period.

ingestion admissions did not change over the 9-year study pe-
riod (relative rate per year, 1.019; 95% CI, .987-1.052).

DISCUSSION

This multicenter study is the first to evaluate the impact of Hib
vaccine and PCV-13 on the burden of childhood pneumonia in
Botswana. We demonstrate that the introduction of these vac-
cines was associated with a marked decrease in the numbers
of pneumonia hospitalizations and deaths among children 1
to 59 months of age. This effect was sustained during a 5-year
period after vaccine introduction, providing evidence for the
long-term effectiveness of these vaccines for the prevention of
childhood pneumonia in sub-Saharan Africa.

We found that sequential introduction of Hib vaccine and
PCV-13 was associated with a 48% reduction in pneumonia
hospitalizations and a 50% reduction in pneumonia deaths
among children in Botswana. These findings are broadly con-
sistent with those of prior studies that evaluated the short-term
impact of Hib and pneumococcal conjugate vaccines on child-
hood pneumonia. A systematic review reported that Hib conju-
gate vaccines prevent 4-6% of cases of clinical pneumonia and
18% of cases of radiologically confirmed pneumonia among

children in low- and middle-income countries [20]. However,
substantial variability in the effect of Hib vaccines on childhood
pneumonia has been reported across studies. For instance,
administration of 3 doses of Hib conjugate vaccine was esti-
mated to have a vaccine efficacy of 62-70% for radiologically
confirmed pneumonia among children in Pakistan, while Hib
vaccine did not reduce pneumonia incidence among children
in Indonesia [21, 22]. The available data suggest that pneu-
mococcal conjugate vaccines prevent a substantial proportion
of childhood pneumonia cases, with vaccine efficacies being
higher for radiologically confirmed cases. In The Gambia, a
randomized controlled trial of 9-valent pneumococcal conju-
gate vaccine (PCV-9) demonstrated a vaccine efficacy of 37%
for radiological pneumonia [23]. Similarly, in South Africa,
PCV-9 resulted in a 17% reduction in alveolar consolidation
among 39 836 children enrolled in a double-blind, placebo-
controlled trial [24]. In a hospital surveillance study in Kenya,
10-valent pneumococcal conjugate vaccine was associated with
27% and 48% reductions in hospitalizations for clinically de-
fined pneumonia and radiologically confirmed pneumonia, re-
spectively [25]. In a surveillance study conducted in 2 districts
in Malawi, PCV-13 was associated with a 47% decline in cases
of hypoxemic pneumonia and a 36% decline in pneumonia
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deaths among children [26]. Finally, in a surveillance study
conducted at a single hospital in Zimbabwe, PCV-13 reduced
severe outpatient acute respiratory infections among children
by 30% [27].

Recent studies conducted in high-income countries suggest
that the long-term population-level benefits of Hib and pneu-
mococcal conjugate vaccines may be compromised by an in-
crease in disease caused by nonvaccine serotypes, although the
overall trend remains toward a reduction in disease burden. In
Sweden, an increase in invasive disease caused by nontypeable
and type f strains of H. influenzae was observed following intro-
duction of Hib vaccine, although most of these infections were
observed in adults [8]. Similar trends have been observed in
the post-Hib vaccine eras in England and Wales [9], Australia
[28], and Canada [29]. The incidence of invasive pneumococcal
disease caused by nonvaccine serotypes doubled following se-
quential introduction of 7-valent pneumococcal conjugate vac-
cine and PCV-13 in England and Wales, although the majority
of disease caused by replacement serotypes occurred in adults
[10]. After introduction of PCV-13 in France, the emergence
of nonvaccine pneumococcal serotypes, particularly serotype
24F, resulted in a 2.3% (95% CI, 1.1-3.6%) per month increase
in the incidence of pneumococcal meningitis among children
[11]. There are comparatively few data regarding serotype ep-
idemiology following introduction of Hib and pneumococcal
conjugate vaccines in low- and middle-income countries, and
we did not directly evaluate for serotype replacement in this
study. However, our findings indicate that any effect of sero-
type replacement on the burden of childhood pneumonia in
Botswana was outweighed by the benefits of prevention of di-
sease caused by vaccine serotypes for at least 5 years after vac-
cine introduction.

We found that the effect of Hib vaccine and PCV-13 on
pneumonia incidence and mortality in Botswana was more
pronounced among infants than among older children. There
are several potential explanations for this observation. First,
because these vaccines were introduced without catch-up cam-
paigns in Botswana, vaccine coverage rates were likely lower
among older children than among infants for much of the
postvaccine period. Prior studies of pneumococcal conjugate
vaccines introduced in sub-Saharan Africa without catch-up
campaigns reported variable effects on the burden of pneu-
monia among these older children. In Senegal, the incidence
of pneumonia hospitalizations among children 1-4 years of age
did not change following PCV-13 introduction, while pneu-
monia hospitalizations declined by 38% (95% CI, 21-50%) in
this age group following PCV-13 introduction in Zambia [30].
In addition, Botswana uses a 3 + 0 schedule (3 primary doses,
no booster dose) for PCV-13. Prior studies suggest that vaccine
effectiveness following the primary pneumococcal conjugate
vaccine series declines as a result of waning immunity, an ef-
fect that can be mitigated through inclusion of a routine booster

dose [31]. Finally, it is likely that the proportion of child pneu-
monia cases caused by Hib and S. pneumoniae differs by age
in children. Previous studies indicate that the highest incidence
of invasive infections caused by these pathogens prior to intro-
duction of conjugate vaccines occurred during infancy [32-34].
Additionally, infants have higher pneumonia mortality than
older children, suggesting that infants stand to benefit more
from vaccination against common pneumonia pathogens [4].

Our study had several limitations. First, pneumonia diag-
noses were not based on a standardized case definition or de-
fined radiological criteria. Second, underreporting of deaths
due to pneumonia was likely, given that we were unable to
ascertain vital status for patients transferred to the intensive
care unit or another hospital. However, this underreporting is
unlikely to have changed significantly between the prevaccine
and postvaccine periods and our findings were unchanged in
sensitivity analyses in which we classified all children who were
transferred as deaths. Third, we cannot exclude the possibility
that the catchment populations for these hospital sites changed
over time, although we did find that the number of hospitaliza-
tions for ingestion, a condition that is unlikely to be related to
vaccination, was stable over the study period. We also cannot
exclude the possibility that secular trends in pneumonia risk
factors (eg, exposure to indoor air pollution) or pneumonia
treatment strategies contributed to the observed declines in
pneumonia hospitalizations and deaths. However, to our know-
ledge, there were no significant changes to clinic or hospital care
of childhood pneumonia in Botswana over this time period. The
lack of complete data on HIV-exposure status was an additional
limitation that prevented us from evaluating for differences in
vaccine effectiveness among HIV-exposed and HIV-unexposed
children. Finally, the short time interval between introduction
of Hib vaccine and PCV-13 in Botswana precluded analyses of
the individual effects of these vaccines on the burden of child-
hood pneumonia.

In summary, this study highlights the declines in pneumonia
hospitalizations and deaths that occurred in Botswana following
introduction of Hib vaccine and PCV-13. The protective effect
observed in the 5 years after vaccine introduction supports the
long-term benefits of these vaccines despite the potential for
emergence of non-type b H. influenzae and nonvaccine pneu-
mococcal serotypes. This study contributes to a growing body
of literature supporting the enormous child health benefits of
these vaccines in sub-Saharan Africa and provides further evi-
dence that increasing use of these vaccines is critical to reducing
global child mortality.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases on-
line. Consisting of data provided by the authors to benefit the reader,
the posted materials are not copyedited and are the sole responsibility
of the authors, so questions or comments should be addressed to the
corresponding author.
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