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Abstract
Objectives  Kenyan guidelines for antibiotic treatment 
of pneumonia recommended treatment of pneumonia 
characterised by indrawing with injectable penicillin alone 
in inpatient settings until early 2016. At this point, they 
were revised becoming consistent with WHO guidance 
after results of a Kenyan trial provided further evidence 
of equivalence of oral amoxicillin and injectable penicillin. 
This change also made possible use of oral amoxicillin for 
outpatient treatment in this patient group. However, given 
non-trivial mortality in Kenyan children with indrawing 
pneumonia, it remained possible they would benefit 
from a broader spectrum antibiotic regimen. Therefore, 
we compared the effectiveness of injectable penicillin 
monotherapy with a regimen combining penicillin with 
gentamicin.
Setting  We used a large routine observational dataset 
that captures data on all admissions to 13 Kenyan county 
hospitals.
Participants and measures  The analyses included 
children aged 2–59 months. Selection of study population 
was based on inclusion criteria typical of a prospective 
trial, primary analysis (experiment 1, n=4002), but we also 
explored more pragmatic inclusion criteria (experiment 
2, n=6420) as part of a secondary analysis. To overcome 
the challenges associated with the non-random allocation 
of treatments and missing data, we used propensity 
score (PS) methods and multiple imputation to minimise 
bias. Further, we estimated mortality risk ratios using log 
binomial regression and conducted sensitivity analyses 
using an instrumental variable and PS trimming.
Results  The estimated risk of dying, in experiment 1, 
in those receiving penicillin plus gentamicin was 1.46 
(0.85 to 2.43) compared with the penicillin monotherapy 
group. In experiment 2, the estimated risk was 1.04(0.76 
to 1.40).
Conclusion  There is no statistical difference in the 
treatment of indrawing pneumonia with either penicillin or 
penicillin plus gentamicin. By extension, it is unlikely that 
treatment with penicillin plus gentamicin would offer an 
advantage to treatment with oral amoxicillin.

Introduction
WHO recommendations guide treatment for 
millions of children with pneumonia every 
year across low-income and middle-income 
countries.1 These guidelines are largely based 
on moderate certainty in evidence of effects.2–5 
However, trials supporting recommendations 
for hospitalised children have included fewer 
participants from Africa than other settings6 
and it is suggested that African children with 
pneumonia have higher mortality.7 Addition-
ally, trial populations may not always include 
the heterogeneous populations presenting 
for care, many of whom at hospital level may 
have comorbidity.8 Thus, despite improving 
access to recommended treatments and 
deployment of childhood vaccines at high 
coverage, including those against Haemoph-
ilus influenzae type B and pneumococcus, clin-
ically diagnosed pneumonia remains one of 
the top causes of mortality in children under 
5 years of age in Kenya and other countries.7 
According to the mortality data derived 
from the Global Health Observatory Data—
published in the WHO website,9 pneumonia 
caused about 5.4 under five deaths per 1000 
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Strengths and limitations of this study

►► This study provides a platform to explore 
effectiveness of alternative treatments in routine 
care in a low income setting to improve health 
outcomes for children.

►► The analysis is limited to the variables in the 
observational dataset—and therefore risk bias due 
to unmeasured key variables.

►► The influence of any resulting bias, to alter results, 
has however been assessed through the use of 
alternative methods as instrumental variables.
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Box C linical pneumonia classifications and treatments in 
use in Kenya

1.	 Severe pneumonia: If a child has either oxygen saturation less than 
90% or central cyanosis or is grunting or unable to drink or not 
alert, then she/he is classified as having severe pneumonia and is 
put on oxygen and treated with a combination of gentamicin and 
penicillin. The previous WHO23 and pre-2016 Kenyan guidelines20 
named this class as ‘very severe pneumonia’.

2.	 Indrawing pneumonia: If a child has lower chest wall indrawing 
(but does not have any of the qualifying signs for severe 
pneumonia above) and is alert then she/he is classified as having 
indrawing pneumonia. In previous WHO23 and pre-2016 Kenyan 
guidelines20, this class was named as ‘severe pneumonia’ and 
treatment recommended was inpatient penicillin monotherapy. 
Our analyses are based on data from the period before March 
2016 when inpatient penicillin monotherapy was recommended 
for this population. Since March 2016 in Kenya, and reflecting 
updated WHO guidance and results of a local trial,24 it has been 
recommended that this group be treated in outpatient settings 
with oral amoxicillin as part of an expanded group of non-severe 
pneumonia. Note: The term indrawing pneumonia is hereafter 
used in this analysis to define this category of children to avoid 
confusion.

3.	 Non-severe pneumonia: If a child has none of the clinical signs 
in the two categories above but has cough or difficulty breathing 
and a respiratory rate greater than or equal to 50 breaths/min 
(for age between 2 and 11 months) or respiratory rate greater 
than or equal to 40 breaths/min (for age above 12 months) then 
Kenyan guidelines in the period pre-March and post-March 2016 
recommend she/he is classified as having non-severe pneumonia 
and treated with oral amoxicillin as an outpatient.

children in 2015 (which was the highest compared with 
diarrhoea/dehydration and malaria which are the other 
top causes of under five mortality in Kenya). The compar-
ison of mortality rates between 2000 and 2015 for pneu-
monia, diarrhoea/dehydration and malaria is presented 
in online  supplementary file 1: figure A. The basic and 
pneumococcal vaccine coverage by 2014 for children 
aged 12–23 months in Kenya was at least 80%.10 

In a recent change to guidance, it is now recom-
mended that pneumonia characterised by lower chest 
wall indrawing be treated in outpatient settings with 
oral medication (box).11 12 Yet it remains associated with 
non-trivial mortality that may be higher outside trial 
populations.13 Residual mortality may be associated with 
causes that are not prevented by currently available conju-
gate vaccines and organisms, which are not susceptible 
to the antibiotics currently recommended. Establishing 
whether there are benefits of alternative treatment regi-
mens to help reduce mortality would ideally require large, 
pragmatic clinical trials.14 15 However, these remain rela-
tively expensive and time consuming. Observational data 
may support comparative effectiveness analyses of alter-
native treatments, may be cheaper and quicker, and may 
enable evaluation of interventions for which randomisa-
tion is difficult.16 We use observational data from Kenya 
to address an important contemporary question for the 

treatment of pneumonia, a comparison of the effective-
ness of gentamicin plus penicillin versus penicillin alone 
for the treatment of indrawing pneumonia in routine 
settings. The only previous clinical trial comparing these 
treatments was a small study of 40 patients in Malaysia.17 
In so doing, we examine the potential of using data 
collected by providers as part of their routine practice for 
comparative effectiveness research in an African setting.

Methods
Clinical definitions of pneumonia, primary and secondary 
analyses
WHO and Kenyan pneumonia treatment guidelines are 
implicitly based on risk stratification of illness with chil-
dren deemed at higher risk of mortality offered broader 
spectrum antibiotic regimens and those at lower risk 
narrower spectrum antibiotics.11 18–20 We present three 
categories of clinically diagnosed pneumonia in box. 
This categorisation outlines previous and recently revised 
WHO and Kenyan pneumonia treatment guidelines.11 19 
What we refer to as indrawing pneumonia may be associ-
ated with low but clinically significant mortality rates.13 21 
Prior to March 2016, recommended treatment for this 
group was penicillin monotherapy and our aim is to 
examine whether there is any advantage of broader spec-
trum antibiotics in this group. Since March 2016, new 
guidelines recommend outpatient treatment with oral 
amoxicillin for this group on the basis of trials suggesting 
equivalence of amoxicillin and penicillin. However, as 
indicated above, very few patients had been included 
in studies comparing narrow (amoxicillin or penicillin) 
and broader spectrum antibiotic regimens. As indicated 
above, beyond the confines of clinical trials among all 
children being treated for indrawing pneumonia, clinical 
outcomes (including mortality) are worse than seen in the 
trials7 and clinicians are often choosing not to use a single 
drug regime and are in fact often opting to use the combi-
nation of gentamicin and penicillin in the group meeting 
criteria for indrawing pneumonia in real life settings.22 As 
mortality is higher in real-life settings than in trials and as 
the possibility that broad spectrum antibiotics could have 
an advantage over monotherapy with penicillin (or amox-
icillin) has not been explored in Kenya’s previous trials, 
we feel that examining whether broad spectrum antibi-
otics confer an advantage is an important question.

The ability to use routine data to compare treatment 
effects requires that patients with similar problems receive 
different treatments. Previous studies conducted in Kenya 
and elsewhere have indicated that clinicians often do 
not follow guideline recommendations in treating pneu-
monia.22 Variation from the guideline recommended 
approach can occur at the point of pneumonia severity 
assignment (clinicians do not follow a nationally approved 
protocol linking clinical signs and severity category 
outlined in box) and at the point of treatment assignment 
(clinicians do not follow this protocol that links treatment 
and severity). This variability in adherence to protocols 
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Figure 1  Summary of patients per treatment arm in Experiments 1 and 2.

provides the opportunity for comparative effectiveness 
evaluation. More specifically, the adherence and non-ad-
herence to treatment protocols by clinicians allows us to 
classify indrawing pneumonia admissions in two ways:
1.	 Those with clinical signs placing them in the group 

of indrawing pneumonia irrespective of the category 
or classification assigned to the child by the clinician.

2.	 Those given a clinician classification of indrawing 
pneumonia irrespective of the actual clinical signs 
observed by the clinician.

Based on these two possibilities, two experiments 
were designed (see online supplementary file 2: analysis 
protocol25) with specific objectives as followsi:
1.	 Experiment 1: to compare effectiveness of injectable 

penicillin versus penicillin plus gentamicin (both 
injectable) in treatment of indrawing pneumonia, 
where the child is identified as belonging to a 
population of children with indrawing pneumonia 
on the basis of data on their recorded clinical signs. 
Experiment 1 population of indrawing pneumonia is 
therefore consistent with pre-2016 clinical guideline 
recommendations.

2.	 Experiment 2: to compare effectiveness of injectable 
penicillin versus penicillin plus gentamicin in a 
population in which we use the clinician assigned 
categorisation of indrawing pneumonia, which 

i All children with danger signs were excluded from experiment 1 and 
in general (both in experiments 1 and 2), children with the following 
comorbidities were excluded: HIV, meningitis, tuberculosis and/or 
acute severe malnutrition.

may not be consistent with clinical guideline 
recommendations.

We defined experiment 1 as our primary analysis 
as we propose it would identify a population similar to 
that recruited to a randomised trial where the inclusion 
criteria would be based on specified clinical signs. Exper-
iment 2 offers a scenario that may represent a more prag-
matic study design with inclusion criteria based around a 
clinician-led classification.

Data source
We use data from the Kenyan Clinical Information 
Network (CIN) that was initiated to improve inpa-
tient paediatric data availability from county (formerly 
district) hospitals. Thirteen county referral hospitals 
were purposively selected with direction from Ministry 
of Health and recruited into the CIN. These hospitals 
were recruited into the study at different times; four 
in September 2013, five in October 2013 and four in 
February 2014. This analysis uses data up to March 2016. 
On average, 25 000 paediatric admissions are captured 
per year. These hospitals typically have one paediatri-
cian leading services predominantly provided by junior 
clinical teams. Data systems and standardised clinical 
forms were specifically implemented in all hospitals at 
the start of this work to optimise the quality of routine 
data. Patient data in these hospitals are collected post-
discharge by trained data clerks guided by well-defined 
standard operating procedures, under supervision 
by the hospital medical records department and the 
research team. Clinicians admitting patients fill stan-
dardised Paediatric Admission Record forms26 that have 
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been shown to improve documentation of clinical symp-
toms and signs.27 Together with discharge forms, treat-
ment sheets and laboratory reports these are all part of 
the patient files that are the primary data source. This 
data collection system has been described in detail else-
where.28 Feedback to hospitals as part of the CIN activ-
ities has helped improve the quality of clinical data.28 
The description of hospital selection and their popula-
tions of patients is detailed elsewhere.29

Statistical analysis 
Defining per protocol and intention to treat populations
In typical randomised controlled trials, types of anal-
yses to be conducted are defined beforehand—and this 
involves defining the type of patient populations that 
are included in the analyses. Intention to treat and per 
protocol populations derived from observational data-
sets have been described by Danaei et  al.30 We defined 
per protocol and intention to treat populations based on 
the dates actual treatments were recorded as prescribed 
for patients included in our primary and secondary anal-
yses (experiments 1 and 2, respectively). Within each 
experiment, and after applying inclusion and exclusion 
criteria, we define the per protocol population as those 
whose prescription of one of the two study regimens 
did not change during the admission. The intention to 
treat population is defined by the original treatment 
assignment and included children in whom treatment 
was subsequently changed (see figure  1 in the Results 
section).

  Dealing with missing data and propensity score matching
As CIN comprises data from routine care settings, it faces 
challenges of non-random treatment allocation and 
missing data. The missing data and propensity score (PS) 
methods for this analysis have been detailed in the 
online  supplementary file 2: analysis protocol linked to 
this work.25 In brief, after exploring the patient popula-
tions, 20 datasetsii31 were derived using multiple imputa-
tion (with chained equations) for each experiment (all 
the variables in both the experiments had missing data 
less than 30%; see online (supplementary file 1: table A). 
Clinical signs and symptoms data considered were those 
recorded by clinicians before patients were admitted. The 
multiple imputation excluded outcome data as guidance 
on the use of observational datasets for comparative effec-
tiveness analysis recommends exclusion of outcome data 
in the design phase.32 Following this, those with missing 
outcome data were excluded from the analysis (missing-
ness in the outcome data were 0.5% and 0.8% for experi-
ments 1 and 2). For each imputed dataset, patients in the 
alternative treatment groups (penicillin monotherapy vs 
penicillin plus gentamicin) were then matched using PS 

ii The current literature31 recommends the use of more than five imputed 
datasets and, therefore, 20 should be sufficient.

methods to overcome non-random treatment allocation. 
PS define the probability of belonging to or being assigned 
a given treatment based on signs and symptoms.33 PS is 
a distance measure34 which is used as a means to over-
come allocation bias as treatment outcomes in children 
with similar PSs can then be compared. In these anal-
yses, we compared three approaches to reducing possible 
bias based on PS—optimal full matching, weighting and 
subclassification.33 34 All are aimed at creating groups of 
patients that are comparable in terms of the distribution 
of observed signs and symptoms. For each experiment, in 
order to select the optimum PS implementation method, 
absolute standardised mean differences (ASMD) were 
used as diagnostic checks for covariate balance and 
overlap35 36 between the alternative treatment groups. PS 
methods that resulted in the minimum average ASMD for 
the majority of the variables while retaining the largest 
number of patients in the analysis were considered the 
most appropriate.34 

Analytic modelling and sensitivity analyses
In sample size calculations conducted prior to the exper-
iments (presented in greater detail elsewhere; see online 
supplementary file 2: analysis protocol), it was estimated 
that a sample size of at least 4000 would be sufficient for 
the planned experiments to detect a minimum difference 
of 1.5% in mortality between the two treatment groups. 
The sample size for experiment one was 4002 and exper-
iment two 6420 (including 3312 of those that were also 
in experiment 1). In other words, experiment 2 largely 
included those in the experiment 1 population but also 
children not meeting eligibility criteria for experiment 
1. For each of the experiments, after multiple imputa-
tion, multivariable log-binomial regression models were 
fitted to PS-weighted datasets and adjusting for all the 
variables also used in the PS models (also as a form of 
sensitivity analyses, treatment effects were estimated on 
PS-unweighted datasets). Only pooled treatment effect 
estimates are reported.

One possibility is that clinicians’ treatment assignment 
is skewed such that patients who appear sicker (having a 
greater number of clinical signs of more severe illness) are 
assigned ‘stronger’ or broad spectrum treatment. In this 
situation as mentioned by Stürmer et al,37 specific types of 
treatment allocation may be more likely associated with 
increased mortality.37 In theory, the use of PSs is supposed 
to account for such skewed assignment by comparing 
only outcomes of those with similar PSs assumed to 
suggest they have similar clinical profiles and thus similar 
risks. PS trimming attempts to tackle this problem further 
by excluding patients who are at the extremes of the PS 
distribution to create a population with clinical charac-
teristics that are as homogeneous as possible. We use PS 
trimming to define a population between the 5%–95% PS 
percentiles in a sensitivity analysis.

In a further sensitivity analysis, we used an instru-
mental variable to examine the potential influence of 
any unmeasured variables.38 An instrumental variable 
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Figure 2  Comparing performance of the three propensity score (PS) implementation methods in experiment 1. The y-axis 
contains all the variables used in the PS models. While x-axis shows absolute standardised mean difference (ASMD) which is 
a measure of covariate balance between the two treatment groups. An ASMD value of ≤10% indicates that the method has 
performed well in creating comparable groups.

method aims to find a proxy randomised experiment in 
a routine or observational dataset.39 We used weekend/
weekday admission as an instrumental variable as it was 
demonstrated in a study conducted by Berkley et al40 in a 
Kenyan hospital that children who were admitted during 
the weekend experienced higher mortality compared 
with those admitted during the weekdays. This, in theory, 
implies that the type of treatment and care received 
depends on the day of admission—and this later deter-
mines the type of health outcome of the patient. The 
process of fitting the instrumental variable models has 
been described in online supplementary file 1. The two 
sensitivity approaches described above were done for 
both primary and secondary analyses.

Results
Creating per protocol and intention to treat populations
Examining the dates treatments were given, five treat-
ment arms (per experimental scenario) were defined—
specifically those who received1: penicillin alone without 
changes,2 a combination of penicillin plus gentamicin 
without changes,3 penicillin but switched to a combina-
tion of penicillin plus gentamicin,4 penicillin but switched 
to ceftriaxone and5 a combination of penicillin plus 

gentamicin but switched to ceftriaxone (ceftriaxone is 
the recommended second line treatment for severe pneu-
monia). Therefore, per protocol analyses would compare 
patients in treatment arm 1 versus 2, while intention to 
treat analyses would compare patients in treatment arms 
1, 3 and 4 versus 2 and 5 (figure 1).

In this analysis, intention to treat populations were 
considered primary and are reported in experiments 
1 and 2 in keeping with clinical trial reporting guide-
lines. These analyses include a relatively larger number 
of patients compared with per protocol analyses. The 
recommended doses of penicillin and gentamicin in 
these hospitals are 50 000 IU/kg and 7.5 mg/kg given four 
times and one time per day, respectively. Additional data 
suggest most clinicians prescribed these doses correctly 
(see online supplementary file 1: table B). 

Comparing performance of optimal full matching, weighting 
and PS subclassification in experiments 1 and 2, respectively
For each experiment, the three PS implementation 
methods were compared with determine the one which 
would result in the least ASMD for most of the vari-
ables in the analysis (even though all the three methods 
resulted in variables with ASMD≤10%). For experiment 
1, PS weighting performed better than PS optimal full 

https://dx.doi.org/10.1136/bmjopen-2017-019478
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Figure 3  Comparing performance of the three propensity score implementation methods in experiment 2. AVPU, alert, verbal, 
pain, unresponsive.

Table 1  Treatment effect estimates

Experiment 1, RR 
(95% CI)

Experiment 2, RR 
(95% CI)

Regression 
without PS 
adjustment

1.75 (0.94 to 2.77) 1.68 (1.15 to 2.36)

PS weighting 1.46 (0.85 to 2.43) 1.04 (0.76 to 1.40)

PS trimming 
(5%–
95% restriction)

1.39 (0.74 to 2.15) 1.05 (0.74 to 1.41)

Instrumental 
variable

0.91 (0.41 to 2.20) 0.44 (0.34 to 1.32)

PS, propensity score; RR, risk ratio.

matching and subclassification and for experiment 2, 
the performance of weighting was comparable to that 
of optimal full matching (see figures 2 and 3). In both 
experiments, PS subclassification reduced covariate 
imbalance the least. Thus, in the subsequent sections, 
outcome analyses are based on PS-weighted datasets for 
both experiments.

Outcome analysis results
Exploring mortality in raw datasets
Examining the raw datasets without PS adjustments in 
experiment 1, the average number of pneumonia deaths 
(across the 20 imputed datasets) in penicillin plus genta-
micin group was 33/1363 (2.42%) and in penicillin 
monotherapy was 26/2639 (0.99%), and for experiment 
2, the average number of deaths was 87/2296 (3.79%) 
and 50/4124 (1.21%) in penicillin plus gentamicin and 
penicillin monotherapy groups, respectively. Overall, 
the average number of pneumonia deaths in the peni-
cillin plus gentamicin group was approximately two and a 
half to three times the number of mortality events in the 
penicillin monotherapy group in Experiments 1 and 2, 
respectively. 

Modelling mortality risk ratios
The analysis considered penicillin monotherapy as the 
reference group and mortality as the outcome—and 

therefore a risk ratio (RR) greater than one would be 
interpreted to favour penicillin over penicillin plus genta-
micin. For both experiments, the treatment RRs esti-
mated on the unmatched datasets were larger than the 
RR estimated on datasets obtained through PS weighting 
(see table 1 for all results). In experiment 2, the PS-unad-
justed analysis showed that penicillin monotherapy was 
significantly more effective than penicillin plus genta-
micin (1.68 (1.15  to 2.36)). However, the PS-weighted 
effect estimate (1.04 (0.76  to 1.40)) was much reduced 
and suggested that use of PS had corrected (to a degree) 
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Figure 4  Experiment 1 propensity score (PS) distribution curves: The dotted lines show the distribution of PSs for patients in 
the 5%–95%. The continuous blue line shows the distribution of PSs for those who were given penicillin plus gentamicin. While 
the continuous black line shows the PS distribution for those who received penicillin alone.

for allocation bias indicating that there was no statistical 
difference in mortality outcomes between penicillin plus 
gentamicin and penicillin monotherapy treatments. We 
also observed that the adjusted point estimate for any 
effect difference in experiment 2 (1.04 (0.76 to 1.40)) was 
less than that in experiment 1 (1.46 (0.85 to 2.43)). This 
may be due to an increase in the number of covariables 
available for PS weighting that could be used in Experi-
ment 2 resulting in closer matching (see online supple-
mentary file 1: table C).

Sensitivity analysis through trimming using 5%–95% PS 
population restriction
After excluding 10% of the populations as a result of PS 
trimming in sensitivity analyses for Experiments 1 and 
2, the resulting sample sizes were 3583 and 5778. The 
skewed assignment of children to treatment with genta-
micin and penicillin is demonstrated by their higher PS 
scores in figure 4 for experiment 1 (and online supple-
mentary file 1: figure B for experiment 2). As higher 
PS scores are associated with the presence of a greater 
number of clinical signs of illness, this also suggests an 
association between more severe illness and treatment 
with gentamicin and penicillin. For experiment 1, the 
estimated average mortality events (on PS-unadjusted 
datasets) were 26/1201 (2.16%) and 24/2382 (1.01%) for 
penicillin plus gentamicin and penicillin monotherapy 
groups. While the estimated events in experiment 2 were 
62/2026 (3.06%) and 46/3752 (1.22%). Thus, in sensi-
tivity analyses for both experiments, trimming excluded 
more mortality events in the penicillin plus gentamicin 
group compared with the penicillin monotherapy group. 
The treatment effects estimated using PS-weighted 

models for the restricted populations as a result of PS 
trimming showed no statistical difference between the 
two treatments (table 1).

Sensitivity analysis through the use of weekend/weekday as 
an instrumental variable
In order to assess whether a timing of admission variable 
would form a natural and random experiment, the distri-
butions of covariates were examined across the levels of 
the instrumental variable (weekend/weekday) in exper-
iments 1 and 2. The distribution of each of the patient 
characteristics between weekend and weekday admissions 
was approximately similar (online supplementary file 1: 
table D) suggesting that weekend/weekday admission 
satisfactorily satisfies one of the criteria as a valid instru-
mental variable (also see online supplementary file 1 for 
the set of criteria for a valid IV). The weekend mortalities, 
in the raw datasets, seemed to be higher than weekday 
mortalities (see online supplementary file 1: table E).

The estimated treatment effects, both in experiments 
1 and 2, suggest that there is no statistical difference in 
treating indrawing pneumonia with either penicillin 
alone or penicillin plus gentamicin. The effect estimates 
obtained using our IV in both experiments are less than 
one as compared with those obtained with PS weighting 
which are greater than one. Biologically, the effective-
ness of gentamicin plus penicillin (when administered in 
correct doses) is expected to be the same or greater than 
that of penicillin monotherapy. Based on the magnitude 
and direction of effects, the use of the IV seems to demon-
strate that the effects obtained through PS weighting may 
have had some residual bias. However, it is important to 
highlight that for all analyses the 95% CI obtained are 
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consistent with the Null Hypothesis of no different effect 
for the treatments.

Discussion
We compared penicillin alone with penicillin plus 
gentamicin in treatment of indrawing pneumonia in 
populations with overall mortality of 1.5% and 2% in 
experiments 1 and 2, respectively. There were more fatal 
events in the penicillin plus gentamicin group than the 
penicillin group (approximately 2.5 times) and unad-
justed analyses pointed, therefore, to a protective effect 
of penicillin treatment. However, adjusted analyses, both 
in experiments 1 and 2, that aim to account for allocation 
bias using PS weighting that can result from non-random 
treatment allocation suggest that there is no appreciable 
difference in outcomes between penicillin and genta-
micin plus penicillin treatment of indrawing pneumonia. 
In addition, we conducted analyses using alternative 
PS methods—subclassification (results are  presented 
in supplementary files: figures C,D and table F) and 
optimal full matching (results are presented in Supple-
mentary table G) and analyses of both intention to treat 
and per protocol populations. All analyses showed similar 
findings (see online supplementary file 1: table H). We 
undertook two formal approaches to sensitivity analysis. 
First, we employed PS trimming to exclude 10% of the 
analysis populations in experiments 1 and 2. Effect esti-
mates in this case are based on analyses of 90% of cases 
that PS suggest are best matched. Second, we used an 
instrumental variable. These techniques employ different 
approaches to account for possible confounding that 
might contribute to estimated treatment effects. Both 
these forms of analysis provided results that support the 
suggestion that poor outcome in this population is not 
associated with the antibiotic regimen received.

Our analyses were conducted using data from over 4000 
children, 100 times more participants than were included 
in the only prior randomised controlled trial of penicillin 
monotherapy and penicillin plus gentamicin in treat-
ment of pneumonia in an Asian population.17 There are 
continuing concerns of clinically important mortality in 
children with indrawing pneumonia in Africa.21 This has 
led to hesitation to adopt new WHO and Kenyan guide-
lines that now recommend the treatment of indrawing 
pneumonia as an outpatient using amoxicillin.11 19 Our 
results suggest that there are likely to be two distinct 
issues. First, they suggest that offering broader spectrum 
injectable antibiotic treatment to children with indrawing 
pneumonia may not improve outcomes compared with 
treatment with penicillin monotherapy. As other studies 
have suggested equivalence between oral (high dose) 
amoxicillin therapy and injectable penicillin therapy,2–5 24 
it seems likely therefore that oral amoxicillin and peni-
cillin plus gentamicin combination therapy would result 
in similar outcomes when used to treat indrawing pneu-
monia. Clinicians should therefore carefully adhere to 
guidelines for treatment of indrawing pneumonia and 

avoid using gentamicin helping to prevent any possible 
toxicity.

Second, however, our results suggest that children 
fulfilling a definition of indrawing pneumonia based on 
clinical signs, and having excluded serious comorbidities, 
may still have an appreciable risk of mortality irrespec-
tive of their antibiotic treatment (1.5% in all children in 
experiment 1). When clinicians categorise children with 
indrawing pneumonia and imperfectly adhere to clinical 
sign-based guidance mortality tends to be higher (2% in 
all children in experiment 2). These findings point to as 
yet uncharacterised risk factors that could be important 
in determining which children need admission to 
hospital as current guidance indicates that all those with 
indrawing pneumonia can be treated as an outpatient. 
While offering an alternative antibiotic to amoxicillin 
to this group may not improve outcomes, it is possible 
that closer and continuing observation in hospital may 
help identify comorbid or alternative conditions that are 
contributing to this mortality and that may be treated.

The trials that informed the basis for the revised WHO 
guidelines2–5 showed extremely low mortality (0%–0.2%) 
suggesting that the populations included in such trials 
may not be directly representative of all those to whom 
guidelines are applied in routine settings. In the trial 
by Agweyu et al24 conducted in Kenya (which compared 
penicillin versus oral amoxicillin for indrawing pneu-
monia), overall mortality was 0.8%.24 In a parallel obser-
vational cohort providing data from the same hospitals 
over the same time period for children treated with peni-
cillin alone but not included in the Kenyan, trial mortality 
was not significantly different but marginally higher at 
1.2% (Agweyu, submitted, 2017) perhaps suggesting that 
even the limited exclusion criteria in this pragmatic trial 
might result in exclusion of some sicker children. Taken 
together with data from the analyses presented here 
it does appear that  there is a need to explore whether 
guidelines might be modified to accommodate additional 
clinical risk factors for possible life-threatening illness 
that should prompt admission. In a population with 
high coverage with conjugate vaccines, this may more 
usefully be for more rigorous evaluation to identify alter-
native diagnoses or for improved supportive care than for 
different antibiotics.

Strengths and limitations
Conducting comparative effectiveness analyses using 
observational datasets can offer the advantage of larger 
sample sizes at lower cost than randomised controlled 
clinical trials. They also include patients that may not 
qualify for enrolment in a typical explanatory randomised 
controlled trial—and therefore perhaps provide more 
true to life estimates of treatment effects similar to 
those observed in highly pragmatic trials.15 However, as 
most observational datasets are not meant for research, 
they have challenges of non-random treatment alloca-
tion and missing data. We employed a rigorous ‘exper-
imental design’ strategy as is recommended when 
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using observational data.32 We used PS and multiple 
imputation methods in an effort to minimise bias due 
to non-random treatment allocation and missing data 
and analyses suggested no appreciable difference in 
outcomes of indrawing pneumonia treated with peni-
cillin alone compared with penicillin plus gentamicin. 
This was in contrast to unadjusted regression analyses 
that pointed towards better outcomes with penicillin 
alone suggesting the presence of allocation bias. As most 
observational datasets are limited to observed variables, 
it is important to conduct sensitivity analysis to explore if 
the estimated effects are potentially sensitive to unmea-
sured variables. We used an instrumental variable and 
PS trimming, both supported the idea of no appreciable 
difference regimens when treating indrawing pneu-
monia. While there are differences (in terms of magni-
tude) in the mortality observed in the different groups 
that suggest some residual bias in treatment allocation, 
these mortality differences are no greater than might 
occur by chance after PS adjustment (with the type 1 
and 2 errors specified in online supplementary file 2: 
analysis protocol). In that sense, the PS approach may 
still have limitations but it does allow us to conclude no 
statistical difference in mortality outcomes between the 
two treatment arms.

The WHO recommended guidelines for treating pneu-
monia have considerable influence on policy and prac-
tice in low-income and middle-income countries. While 
the evidence base and rigour of guideline development 
have improved considerably, there remain few data 
on their effectiveness when implemented in non-trial 
settings. Even though well-designed, large pragmatic 
trials would be preferred, we demonstrate that carefully 
collected routine data may be useful for assessing the 
effectiveness of alternative treatments.15 Such analyses 
may become increasingly possible as electronic medical 
records are deployed in low-income and middle-income 
countries41 but it is important that such studies are care-
fully designed to limit as far as possible the biases that 
arise from non-random treatment allocation.32 Our 
results suggest that children with indrawing pneumonia 
may gain little benefit from treatment with broader spec-
trum antibiotic regimens. However, they also suggest that 
further work is needed to identify those who are at higher 
risk of death who might be prioritised for an inpatient 
diagnostic work-up and improved supportive care rather 
than treated as outpatients.
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