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Abstract

Background

Delay in receiving treatment for uncomplicated malaria (UM) is often reported to increase
the risk of developing severe malaria (SM), but access to treatment remains low in most
high-burden areas. Understanding the contribution of treatment delay on progression to
severe disease is critical to determine how quickly patients need to receive treatment and to
quantify the impact of widely implemented treatment interventions, such as ‘test-and-treat’
policies administered by community health workers (CHWs). We conducted a pooled indi-
vidual-participant meta-analysis to estimate the association between treatment delay and
presenting with SM.

Methods and findings

A search using Ovid MEDLINE and Embase was initially conducted to identify studies on
severe Plasmodium falciparum malaria that included information on treatment delay, such
as fever duration (inception to 22nd September 2017). Studies identified included 5 case—
control and 8 other observational clinical studies of SM and UM cases. Risk of bias was
assessed using the Newcastle—Ottawa scale, and all studies were ranked as ‘Good’, scoring
>7/10. Individual-patient data (IPD) were pooled from 13 studies of 3,989 (94.1% aged <15
years) SM patients and 5,780 (79.6% aged <15 years) UM cases in Benin, Malaysia,
Mozambique, Tanzania, The Gambia, Uganda, Yemen, and Zambia. Definitions of SM
were standardised across studies to compare treatment delay in patients with UM and differ-
ent SM phenotypes using age-adjusted mixed-effects regression. The odds of any SM phe-
notype were significantly higher in children with longer delays between initial symptoms and
arrival at the health facility (odds ratio [OR] = 1.33, 95% CI: 1.07-1.64 for a delay of >24
hours versus <24 hours; p = 0.009). Reported illness duration was a strong predictor of pre-
senting with severe malarial anaemia (SMA) in children, with an OR of 2.79 (95% Cl:1.92—
4.06; p <0.001) for a delay of 2—3 days and 5.46 (95% CI: 3.49-8.53; p < 0.001) for a delay
of >7 days, compared with receiving treatment within 24 hours from symptom onset. We
estimate that 42.8% of childhood SMA cases and 48.5% of adult SMA cases in the study
areas would have been averted if all individuals were able to access treatment within the
first day of symptom onset, if the association is fully causal. In studies specifically recording
onset of nonsevere symptoms, long treatment delay was moderately associated with other
SM phenotypes (OR [95% Cl] >3 to <4 days versus <24 hours: cerebral malaria [CM] =
2.42[1.24-4.72], p = 0.01; respiratory distress syndrome [RDS] =4.09 [1.70-9.82], p =
0.002). In addition to unmeasured confounding, which is commonly present in observational
studies, a key limitation is that many severe cases and deaths occur outside healthcare
facilities in endemic countries, where the effect of delayed or no treatment is difficult to
quantify.

Conclusions

Our results quantify the relationship between rapid access to treatment and reduced risk of
severe disease, which was particularly strong for SMA. There was some evidence to sug-
gest that progression to other severe phenotypes may also be prevented by prompt
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treatment, though the association was not as strong, which may be explained by potential
selection bias, sample size issues, or a difference in underlying pathology. These findings
may help assess the impact of interventions that improve access to treatment.

Author summary

Why was this study done?

o In 2018, severe malaria was responsible for an estimated 405,000 deaths worldwide.
Patient access to first-line antimalarials in health facilities remains suboptimal in many
endemic areas.

« The contribution of delay to treatment of uncomplicated malaria is often believed to be
arisk factor for developing severe malaria, but this relationship has not been systemati-
cally quantified, and findings are not consistent across all studies. Understanding this
relationship is critical to determine how quickly patients need to receive treatment and
to quantify the impact of treatment interventions.

What did the researchers do and find?

o We conducted a pooled individual-participant meta-analysis to estimate the association
between delay from onset of symptoms to seeking treatment and risk of presenting with
different types of severe malaria rather than uncomplicated malaria.

o The risk of severe disease was significantly higher in children and adults who had longer
delays from symptom onset to treatment-seeking, and this relationship was the stron-
gest for progression to severe malarial anaemia.

o We estimate that almost half of the severe anaemia cases in both children and adults
could be prevented if they presented within the first 24 hours of symptom onset.

What do these findings mean?

o The findings of this individual-participant data (IPD) meta-analysis highlight the
importance of improving access to prompt first-line treatment in preventing severe
malarial anaemia cases and reducing the need for potentially harmful blood
transfusions.

Our findings highlight that provision of timely treatment is essential in preventing
severe disease and death.

Providing quantitative setting-specific estimates of the benefits of timely treatment
through programs such as community health workers or strengthened health systems is
essential in guiding their implementation and in determining the best allocation of
resources amongst all malaria interventions.
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Introduction

Access to prompt and effective antimalarial treatment for uncomplicated Plasmodium falcipa-
rum malaria is key in preventing progression to severe complications and death. In 2018, an
estimated 405,000 deaths were attributed to severe malaria (SM) worldwide, with 67% of them
occurring in children aged under 5 years [1]. Access to treatment varies greatly by country [2],
and for some countries, only a small proportion of all severe cases gain admission to hospital
[3]. Implementation, scale-up, and maintenance of integrated community case management
(iCCM) require significant resources, estimated at US$3.4 billion per year across sub-Saharan
Africa [4,5]. Recent reports from the Rapid Access Expansion (RACE) programs in Nigeria
have shown that care-seeking for fever from an appropriate provider increased from 78% to
94% following implementation of iCCM and that coverage with artemisinin-based combina-
tion therapies (ACTs) within 1 day of symptom onset increased from 57% to 74% amongst
malaria-confirmed cases [6]. Evidence from these iCCM programs have shown a reduction of
overall clinical disease symptoms and all-cause child mortality after implementation [6,7].
These are consistent with findings from other studies, including cluster randomised trials of
community health worker (CHW) programs, showing a decrease in overall mortality after
increasing diagnosis and treatment coverage for malaria and other diseases [8-10]. However,
malaria-specific effects have not been systematically quantified, despite anecdotal reports that
improved access to quick and effective treatment reduces severe disease [11]. Understanding
treatment-seeking pathways and the effect of prompt access to treatment on progression to
severe disease is important in informing how malaria control programmes allocate resources
between preventive interventions, such as vector control and seasonal chemoprevention, and
interventions that improve access to treatment.

Some of the most widely studied clinical manifestations, symptoms, or phenotypes of severe
disease include severe malarial anaemia (SMA), cerebral malaria (CM), and respiratory dis-
tress syndrome (RDS). Such presentations of severe disease are not mutually exclusive because
a single individual may present with multiple symptoms. Clinical manifestations of severe dis-
ease are dependent on age and transmission setting [12-15]. In high-transmission areas where
the average age at first infection is lower, severe disease often manifests as SMA, which is com-
mon in younger children, whereas CM is mostly concentrated in older children and adoles-
cents and is more likely to occur in areas of low-to-moderate transmission [13,16]. When
compared with other types of severe disease, CM has a higher case fatality rate, reaching up to
25% [17,18].

Recent evidence from national surveys suggests that treatment by trained medical providers
is only sought for 37% of febrile children, and in many cases, patients do not receive first-line
antimalarial treatment according to national policy [1,2,19]. This is attributed to poor access to
formal healthcare providers and the distribution of ineffective drugs by the private sector or
unqualified providers. Findings on the relationship between delay in receiving appropriate
treatment for uncomplicated malaria (UM) and risk of developing severe disease are not con-
sistent across all studies [20]. Several studies in both African and non-African settings have
reported an increased risk of SM with delay [21-28]. By contrast, some studies found no differ-
ence in duration of symptoms between severe and uncomplicated disease [29-32], but single-
site studies of SM frequently suffer from small case denominators and reduction of statistical
power in analyses stratified by SM phenotype.

Inconsistencies amongst studies in estimating the association between prompt treatment in
preventing severe disease might therefore be explained by factors such as the relative numbers
and proportions of different severe disease syndromes in different settings, inconsistent exclu-
sion of other causes of disease, the inclusion of different age groups and sample size. Here, we
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conducted a pooled individual-patient data (IPD) analysis, standardising definitions across
multiple studies, with the primary objective of estimating the association between delay to
treatment and disease outcomes. This was done by comparing delay to treatment in a) SM ver-
sus UM cases and b) between cases with different types of severe disease manifestations. We
also explored other aspects of the treatment-seeking pathway, such as travelling time, distance
to the health facility, and preadmission treatment history.

Methods
Study inclusion and procedures

A comprehensive search of 2 databases, Ovid MEDLINE and Embase, was initially conducted
to identify studies of SM (inceptions to 22nd September 2017). Details of the search strategy,
as well as the inclusion and exclusion criteria, are found in S1 Text (Table A and Table B,
respectively). In brief, we included case-control studies of uncomplicated and severe P. falcipa-
rum malaria with available data on delay to treatment, quantified as either duration of illness
or fever prior to hospital admission. Large studies of severe disease that did not have a case-
control design, such as cohort studies, were still considered if they were sufficiently large

(n > 100) to allow comparisons between different severe disease types. The research questions
were formed as part of an MRC UKRI project, and the protocol is registered with protocols.io
at: https://dx.doi.org/10.17504/protocols.io.bgzfjx3n. No data-driven changes occurred to the
analysis plan, and both research objectives and methods remained unchanged.

Authors of the identified studies were contacted to request individual-level data (S1 Data
and S2 Data). Studies that reported an odds ratio (OR) for the relationship between delay to
treatment and SM but were not analysed because of nonresponse are summarised in S1 Table.
In most studies for which individual-level data were obtained, each participant was only
included once, and in the case of readmissions, only data from the first admission were retained
and analysed. The only exception to this was the Tanzanian studies, which excluded new entries
within 6 weeks of discharge. Clinical definitions of SM, which depended on time of publication
and setting [33-35], were standardised across the studies, based on the WHO 2014 definition
[35] (S2 Text). UM and SM cases were reclassified according to that definition, and cases that
were classified as severe in the original study were excluded if they did not meet the new criteria.
An additional UK data set on travellers and imported cases was used to compare the results of
the pooled analysis to those from a setting with high access to treatment [36].

Findings are reported in accordance with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) checklist of items specific to IPD meta-analyses (S1 Checklist) [37].
Risk of bias was assessed using a modified version of the Newcastle-Ottawa scale for assessing bias
in nonrandomised studies (S2 Checklist) [38]. Newcastle-Ottawa quality assessment scale (NOS)
ratings were converted to Agency for Healthcare Research and Quality (AHRQ) standards scale,
categorising the quality of studies as good, fair, or poor (thresholds shown in S2 Checklist). Publi-
cation bias was not assessed across publications because not all studies reported an OR for the asso-
ciation between treatment delay and presentation with severe disease. Although ORs for this
relationship were reported in some of the studies (S1 Table), it was not done in a consistent man-
ner between studies (for example, comparator groups were different durations of delay or adjust-
ment for different factors), which does not enable a funnel plot analysis.

Ethics statement

All studies included were approved by an institutional ethics review committee (listed in S3
Text for individual studies) and obtained informed consent from all participants. Ethics
approval was not required for the present study.
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Statistical analysis

Studies without a matched case—control design were not matched but were analysed as an
entire series. Age-adjusted, mixed-effects multivariable logistic regression was used to quantify
the effect of covariates on the odds of severe disease, specific SM phenotypes, or mortality,
accounting for random effects amongst studies. A mixed-effects linear regression was used to
explore the change in haemoglobin at admission with increasing delay. The odds of receiving a
blood transfusion during hospital admission was also explored with increasing treatment
delay. For the main analyses, in addition to ORs, risk ratios (RRs) and associated 95% ClIs are
also reported for ease of subsequent generalisation by readers. These were obtained using a
generalised estimating equations (GEE) model, allowing for correlation of observations within
studies. All analyses were done separately for children aged <15 years and for ages 15 and
over. A separate subset analysis included young children aged between 6 months to 5 years
(excluding <6-month-olds to minimise any biases that may arise from differences in case defi-
nitions between infants and children). In all analyses, a likelihood ratio test was performed to
compare the difference between a model with and without the term for illness duration.

We explored confounding by education of the caregiver (less than primary versus at least pri-
mary) and effect modification by transmission intensity using estimates of parasite prevalence of
P. falciparum in 2- to 10-year—olds (PR,_,) obtained from the Malaria Atlas Project database at
the upper administrative area level for the year of admission for each individual [39]. Transmis-
sion intensity was classified as low (PfPR,_;o < 10%), moderate (PfPR,_;o > 10% to <35%) and
high (PfPR,_,9 > 35%) according to WHO criteria [40]. Accuracy of reporting the time of onset
of the first uncomplicated symptoms was also examined by restricting main analyses to studies
specifically reporting duration of fever (the most common uncomplicated symptom) instead of
less specific definitions such as ‘duration of illness’. Some of the sites included were referral sites,
and it is likely that presentation with severe disease may be associated with initial treatment fail-
ure. To account for bias arising from subjects who did not present directly to the clinic from
which they were recruited, a subset analysis including only those who reported no prior antima-
larial treatment was performed. Studies included were classified as pre-ACT and post-ACT based
on first-line antimalarial treatment policies of each country. A likelihood ratio test was performed
to test for the presence of an interaction between this classification and duration of illness.

Further sensitivity analysis was undertaken to look at the association between treatment
delay and severe disease separately for those who live close to the health facility (defined as a
value lower than the median travelling time or median distance to the hospital). We looked for
selection bias in attendance at the health facility by comparing the odds of UM and different
severe phenotypes with increasing travelling time to the hospital. Travelling time to the hospital
was self-reported by the patient or caregiver, measured by a field assistant, or estimated based
on distance to the health centre (using AccessMod [41]). The Global Rural-Urban Mapping
project (GRUMPv1) was used to classify individuals as living within a rural or urban area based
on their home location [42,43]. Because this was only available for 1 study [13], we obtained
information on coordinates of the hospital sites for all studies included and used year-specific
WorldPop estimates of mean population density per squared kilometer adjusted to match offi-
cial UN population estimates (accessible here: https://www.worldpop.org/geodata/listing?id=
77). We quantified a mean population density for a catchment area, using a radius of 30 km and
35 km around the hospital site [44], and a mean population density cutoff of >300 per km” was
used to stratify the main analyses [45]. We tested for an interaction between duration of illness
and urban/rural or population density classifications on any severe disease and SMA.

The overlap between different SM phenotypes, i.e., when patients had 2 or more different
severe phenotypes, was investigated using pairwise phi coefficients. Analyses were also
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repeated in patients with only 1 phenotype to examine the effect of overlap, and the number of
phenotypes present in an individual was also investigated with increasing delay to treatment.
For the UK data, level of immunity was also adjusted for and was defined as low for UK travel-
lers returning from malaria-endemic countries, partial for those of African origin visiting
friends and family in endemic countries, and high for new entrants from endemic countries.

Results
Review findings and study characteristics

A total of 3,189 studies were generated by the search strategy, of which 40 met the eligibility
criteria (S1 Fig). We carried out a one-stage IPD analysis that included 14 studies whose
authors responded within the timeframe of our study, of which 11 were identified in the review
and 3 through contacting authors. The studies were set in Benin, Malaysia, Mozambique, Tan-
zania, The Gambia, Uganda, the UK, Yemen, and Zambia. Data from a total of 3,989 patients
with SM and 5,780 UM cases were included in the pooled analysis (Table 1, S2 Table). For 4 of
the studies with a case-control design, controls (UM) and cases (SM) were matched on age
and sex [21,22,30] (details of study design and matching of included studies shown in S3
Table). The quality of all studies included was ranked as ‘Good’, with all studies scoring 7 or
more out of 10 on the NOS scale (S2 Checklist).

Children aged under 15 constituted 79.6% (N = 4,596) of uncomplicated cases and 94.1%
(N = 3,754) of severe cases (S5 Table). The most common severe disease manifestations were
prostration (53.1%), SMA (51.0%), hyperlactataemia/acidosis (36.1%), RDS (27.1%), and CM
(20.5%) (Fig 1). RDS was relatively common in those with hyperlactataemia/acidosis (phi coef-
ficient = 0.24; see S6 Table for all associations). The distribution of severe disease symptoms
varied between study sites (S2 Fig) and by age (Fig 1). In areas of moderate-to-high

Table 1. Characteristics of studies used in IPD meta-analysis. Table includes study site, study period, age ranges included, and frequencies and percentages of uncom-
plicated and SM groups amongst the study sample. Percentages with a given phenotype amongst severe cases are shown in brackets and omit missing values for that pheno-
type. The denominator only includes those who were assessed for that phenotype. ‘NA’ entries indicate that information on the phenotype in that study was not collected
(for example, data on RDS were not collected in the Zambian study). Percentages may add up to more than 100% because the same study subject may present with more
than 1 phenotype. This table excludes 196 individuals (2% of total participants) who were classified as severe in the original studies but did not meet the criteria for severe
disease in the IPD analysis. See S2 Table for other severe disease phenotypes. See S4 Table for SM frequencies from the UK study, which was not used in the pooled analysis.
Abbreviations: CM, cerebral malaria; IPD, individual-participant data; RDS, respiratory distress syndrome; SM, severe malaria SMA, severe malarial anaemia; UM,
uncomplicated malaria.

Study Site Years Age Range UM (%) SM (%) SMA (%) RDS (%) CM (%)
Cotonou, Benin [46] Apr 2009 to Aug 2009 | 4 months to 14 years | 46 (51.1) 44 (48.9) 5(55.6) 16 (38.1) 7 (16.7)
Farafenni, The Gambia [21] Sept 2002 to Dec 2002 1 months to 10 years | 139 (30.2) 321 (69.8) 124 (56.6) 59 (18.7) 38 (16.9)
Serekunda, The Gambia [47] Aug 2007 to Jan 2011 8 months to 16 years | 360 (55.0) 295 (45.0) 22 (7.8) 130 (88.4) |55(18.8)
Keneba, The Gambia [48] Nov 2009 to Apr 2012 | 4 months to 5 years 31 (83.8) 6(16.2) 1 (20.0) NA 0(0.0)
Sabah, Malaysia [23] Sept 2010 to Nov 2012 | 13 years to 78 years 175 (89.7) 20 (10.3) 2(10.0) 4(22.2) 2(12.5)
Manhiga, Mozambique [30] Apr 2006 to Nov 2006 | 2 months to 5 years 63 (46.3) 73 (53.7) 24 (32.9) 31 (42.5) 7 (9.6)
Manhica, Mozambique Sept 2014 to May 2016 | under 10 years 55 (37.2) 93 (62.8) 29 (31.2) 13 (14.0) 16 (17.2)
Kilimanjaro and Tanga, Tanzania [13] Feb 2002 to Aug 2002 All ages 2,941 (67.8) | 1,399 (32.2) |819(59.7) 220 (15.9) |171(12.7)
Tanga, Tanzania [49] Jun 2006 to May 2007 | 2 months to 13 years | 1,368 (63.2) | 798 (36.8) 413 (51.8) 239(30.0) |92(11.5)
Kampala, Uganda [50] 2003 to 2008 2 years to 15 years 90 (51.4) 85 (48.6) NA NA 85 (100.0)
Kampala, Uganda [51] 2008 to 2013 1 year to 11 years 0 (0.0) 494 (100.0) 289 (58.5) 134 (27.1) | 262 (53.0)
Taiz, Yemen [22] Nov 2002 to Aug 2004 | 6 months to 10 years | 445 (63.8) 253 (36.2) 101 (39.9) 136 (53.8) 19 (7.5)
Macha, Southern Province, Zambia [52] | Mar 2001 to May 2005 | 5 months to 7 years 67 (38.3) 108 (61.7) 72 (66.7) NA 33 (30.6)
Total 5,780 (59.2) | 3,989 (40.8) | 1,901 (51.0) |982(27.1) | 787 (20.5)
https://doi.org/10.1371/journal.pmed.1003359.t001
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Fig 1. Prevalence of SM phenotypes amongst severe cases by age group. Proportions were calculated for severe cases with
no missing values for a given measure. Information for all phenotypes was not available in all studies (Table 1, S2 and S4
Tables). Each case can present with more than 1 phenotype. SM, severe malaria.

https://doi.org/10.1371/journal.pmed.1003359.9001

transmission intensity, such as in Farafenni in The Gambia (2002) and certain areas in Tanza-
nia, most cases were younger children and SMA and prostration were the most common
severe disease types, as expected. Jaundice was only common in low-transmission settings and
in older populations, such as in Malaysia. In endemic settings, renal impairment was only seen
in 0.8% (3/395) of severe cases who were assessed for creatinine or blood urea levels. This was
not the case in the UK study population, in which most (43.8%, 74/169) individuals presented
with renal impairment and a small number presented with SMA (2.4%, 4/168).

Data on time since first fever or any symptoms prior to arrival at the study health facility, as
reported by the patient or caregiver, were available for a total of 7,512 individuals (3,577 UM
and 3,935 SM; distribution shown in S3 Fig, S4 Fig, and Fig 2). Reported duration of illness
varied by study and age group from a median of 1 to 5 days (S4 Fig and S5 Fig). Data on dura-
tion of severe symptoms were also obtained from 5 studies, including information on duration
of coma, unconsciousness, convulsions, respiratory distress, fast breathing, or difficulty in
breathing (N = 1,323). Care was sought within the first day of severe symptom onset for most
cases because the median delay was <1 day after onset of any severe symptom (S7 Table).
However, onset of fever or other symptoms of uncomplicated illness for those who later devel-
oped SM occurred, on average, between 1 to 3 days before they developed signs of severe dis-
ease, depending on the symptoms (S7 Table).

Association of delay to treatment with severe malarial disease

In children, the adjusted odds of any type of severe disease were significantly higher in patients
with longer delays between initial symptoms and arrival at the study health facility after
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Fig 2. Illness duration (in days) prior to arrival at the health facility by SM phenotype and age group. Box-and-whisker plots showing
median and IQR of duration of illness/fever in children and adults stratified by severity group (ages <15 years: Nyy = 3,277, Ngy = 3,708;
ages >15 years: Nyp = 300, Ngy = 226). Outliers (observations that are 1.5 x IQR from the lower or upper quartiles) are denoted.
Extreme outliers, defined as duration of illness of over 3 weeks, are omitted from these plots (0.6% of cases [20 UM and 25 SM] were
omitted). SM, severe malaria; UM, uncomplicated malaria.

https://doi.org/10.1371/journal.pmed.1003359.g002
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Fig 3. Treatment delay and odds of presenting with any SM (A), SMA (B), and receiving blood transfusion (C) in children under 15. ORs (and 95% ClIs)
for presentation with severe disease rather than UM (A & B) with each additional reported day of delay after initial symptoms, compared with patients
receiving treatment within 1 day of symptom onset (Nyy; = 3,277, Ny = 3,708, Ngya = 1,774). Amongst 5 studies with information on blood transfusions
during hospital admission, 27.7% (1,520/5,496) of children aged under 15 with available data had received a blood transfusion. ORs (and 95% Cls) for receiving
a blood transfusion was estimated for each additional day of illness duration amongst all uncomplicated and severe cases. All ORs shown were obtained from a
mixed-effects logistic regression adjusted for age as a linear predictor and allowed for random study effects. Statistically significant ORs are denoted in red
(dashed purple line: OR = 1). OR, odds ratio; SM, severe malaria; SMA, severe malarial anaemia; UM, uncomplicated malaria.

https://doi.org/10.1371/journal.pmed.1003359.g003

accounting for age and random study effects (OR [95% CI] = 1.33 [1.07-1.64] for a delay of
over 24 hours compared with treatment within 1 day in children <15, p = 0.009; Fig 3). When
stratifying by different severe disease manifestations, reported duration of illness was a strong
predictor of presenting with SMA in children under 15 years (Fig 3; see S8 Table for RRs).
Compared with receiving treatment within 24 hours of symptom onset, the OR for presenting
with SMA was 2.79 (95% CI: 1.92-4.06, p < 0.001) for a delay between 2 to 3 days and 5.46
(95% CI: 3.49-8.53, p < 0.001) for a delay of over 7 days (x’7) = 145.38, p < 0.001). The ORs
for presenting with SMA in the subset analysis including only children aged between 6 months
and 5 years were slightly higher (delay of 2 to 3 days: OR = 3.18 [95% CI: 2.12-4.79,

p < 0.001]; delay of over 7 days: OR = 6.18 [95% CI: 3.80-10.05, p < 0.001]; x2(7) =133.14,

p < 0.001; S6 Fig). For the same delay groups, the equivalent reduction in haemoglobin levels
in children under 15 years, irrespective of severity group, was 1.46 g/dl (95% CI: 1.19-1.73,

p < 0.001) and 2.13 g/dl (95% CI: 1.73-2.53, p < 0.001), respectively (3’7 = 361.16, p < 0.001;
Fig 4). Similar trends were observed for the odds of receiving a blood transfusion with increas-
ing delay to treatment in children <15 years (3’7 = 120.95, p < 0.001; Fig 3) or young chil-
dren <5 years (x’(7) = 109.96, p < 0.001; S6 Fig). Compared with those arriving within the first
day of symptoms, the odds of receiving a blood transfusion when arriving at the hospital 4 to 5
days after symptom onset were 5.06 (95% CI: 3.11-8.22, p < 0.001) times higher in children
under 15 years and 4.77 (95% CI: 2.87-7.95, p < 0.001) times higher in children under 5 years.
For ages 15 or over, the odds of SMA were only associated with delays of over 4 days (3% 4) =
22.57,p < 0.001; S7 Fig). If the associations between delay and odds of SMA were entirely
causal, we estimate that treating everyone in the study populations within 24 hours after symp-
tom onset would have averted 42.8% of SMA cases in children under 15, 46.8% of SMA cases
in children under 5, and 48.5% in adults aged 15 or over. In the UK study of imported adult
cases, similar results were observed to those in adults from the pooled analysis (S7 Fig), with
the odds of any severe disease being 3-4 times higher in those with a delay of 5 to 7 days com-
pared with those being admitted in the first 24 hours after symptom onset (¢ = 17.59,

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003359  October 19, 2020 10/28


https://doi.org/10.1371/journal.pmed.1003359.g003
https://doi.org/10.1371/journal.pmed.1003359

PLOS MEDICINE

The impact of delayed treatment on progression to severe P. falciparum malaria

Children<15 Adults 15+
0.5 0.51
00 =mm e m e —— - 00 F===f=—mmmm e mm—————
-0.5 + -0.5-
kS S
\\@ —1.04 :'.‘ -1.01 ¢
Q el s e}
T -1.5- T -1.59
£ £
g -204 + g 207 ®
c = @
& 254 & _25
(] U ®
—3.04 -3.01
—3:5+ —3.5+
_4.07 T T T T T T T _4'07 T T T T T T
>1:<2 >2:<3 >3:<4 >4:<5 >5:<6 >6:<7  >7 >1:<2 >2:<3 >3:<4 >4:<5 >5:<6 >6:<7 >7
Delay to treatment (days) Delay to treatment (days)

Fig4. Treatment delay and change in Hb levels for (A) children aged under 15 and (B) adults aged 15 years and over.
The change in Hb in g/dl for each extra day of delay compared with Hb in those treated within 24 hours. An increase in delay
was associated with decrease in Hb levels (children: likelihood ratio x*7) = 361.16, p < 0.001; adults: likelihood ratio x2(7> =
41.62, p < 0.001). Hb was recorded for 5,908 individuals in 10 of the studies, and its concentration was normally distributed.
A mixed-effects general linear model was used to examine the relationship between delay and Hb levels, irrespective of
severity group. On average, children who were admitted to the hospital more than 3 days after symptom onset had a
reduction in Hb of at least 2 g/dl compared with those receiving treatment in the first day after illness onset. Hb,
haemoglobin.

https://doi.org/10.1371/journal.pmed.1003359.g004

p = 0.014). In this study, case numbers of individual phenotypes were too small to separate
out.

In the overall data set, no relationship was observed between duration of illness and presen-
tation with any other SM phenotypes for either children or adults (Fig 5, S7 and S8 Figs). How-
ever, caregivers may have reported the time of onset of severe symptoms if asked about
duration of illness rather than initial onset of UM symptoms. We therefore also repeated the
analysis restricted to a subset of 9 studies that specifically recorded onset of fever, the most
common UM symptom (N = 1,866, including 1,689 children aged under 15 years). In these
studies, there was some evidence of an association between treatment delay after fever onset
and all severe phenotypes except hyperparasitaemia (Fig 5, S9 Fig). Compared to receiving
treatment within 24 hours of fever onset, the OR for a child presenting with CM and RDS for a
delay of 3 to 4 days after fever onset was 2.42 (95% CI: 1.24-4.72; p = 0.01) and 4.09 (95% CI:
1.70-9.82; p = 0.002), respectively. A delay of over 4 days from fever onset was not associated
with the odds of presenting with CM (>4 to <5 days: OR = 1.43 [95% CI: 0.56-3.63, p = 0.45],
5+ days: OR = 1.00 [95% CI: 0.50-2.12, p = 1.00] compared with a delay of <24 hours; Fig 5).

Sensitivity analysis accounting for mother’s educational attainment was carried out.

Low mother’s education was significantly associated with SMA, RDS, and CM (OR

range = 1.74-1.81) but did not affect the relationship between treatment delay and disease
severity (S9 Table). To explore the influence of overlapping severe symptoms, we repeated the
analysis excluding individuals with more than 1 type of symptom. The association between
delay and severe disease phenotypes in the absence of other severe phenotypes remained simi-
lar as in the main analysis (S9 Table). The mean number of severe phenotypes at presentation
did not increase with increasing duration of illness (x2(7) =2.67,p=0.92).
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Fig 5. Treatment delay and odds of presenting with CM (A-B) and respiratory distress (C-D) in children <15 years.
ORs (and 95% ClIs) for presentation with severe disease with each additional reported day of illness before attending the
health facility compared with patients attending within 1 day of reported illness onset (A and C; Nyy = 3,277, Ny = 737,
Nrps = 945) or fever onset (B and D; Ny = 492, Nom = 441, Nyps = 251). ORs were obtained from a mixed-effects logistic
regression adjusted for age as a linear predictor and allowed for random study effects. Statistically significant ORs are
denoted in red (dashed purple line: OR = 1). The same plots for other SM phenotypes are shown in S9 Fig. CM, cerebral
malaria; OR, odds ratio; RDS, respiratory distress syndrome; SM, severe malaria UM, uncomplicated malaria.

https://doi.org/10.1371/journal.pmed.1003359.g005

There is some evidence to suggest that the association between treatment delay and severity
is stronger in areas with low malaria transmission compared to areas with high malaria trans-
mission. There was no interaction between transmission intensity and treatment delay on the
odds of CM and there was a nonlinear association with odds of RDS (likelihood ratio tests:
CM: ¢* =18.99, p = 0.17; RDS: * = 48.92, p < 0.001; Fig 6, S10 Table). An almost-linear
increase in the effect size of treatment delay on SMA with a decrease in transmission intensity
was observed (likelihood ratio test: x* = 49.86, p < 0.001; Fig 6, S10 Table). Compared with
receiving treatment within the first day the OR for presenting SMA for a delay of 4 to 5 days
was 7.19 (95% CI: 2.38-21.73; p < 0.001) in those living in areas of low transmission (<10%
PfPR; 1y). In areas of high malaria transmission intensity (>35% PfPR,_;), the equivalent OR
was smaller and not statistically significant (OR = 1.18, 95% CI: 0.10-13.68). Nonetheless, the
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Fig 6. Association between delay to treatment and SMA for different levels of transmission intensity in children <15
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Transmission intensity was categorised into low (PfPR,_;o < 10%), moderate (PfPR,_;o 10% to <35%), and high (PfPR,_;o >
35%). CIs around the OR estimates are shown in S10 Table. OR, odds ratio; SMA, severe malarial anaemia.

https://doi.org/10.1371/journal.pmed.1003359.g006

proportion of SMA amongst severe cases was much higher in high malaria transmission set-
tings compared with low and moderate transmission intensities (<10% PfPR,_;o = 0.39; 10%
to <35% PfPR, ;o = 0.51; >35% PfPR, 1 = 0.77). Mean haemoglobin, even in children with
UM, was much lower in areas with high malaria transmission intensity (6.41 g/dl, 95% CI:
6.31-6.51 for >35% PfPR,_j,) compared with areas of lower malaria transmission intensity
(9.78 g/dl, 95%CI: 9.54-10.01 for <10% PfPR,_j0; p < 0.001), suggesting there might be higher
levels of pre-existing anaemia in these populations.

Mortality outcomes during admission were available for 2,921 UM and 3,811 SM cases.
Mortality was 1.0% in the uncomplicated group and 8.3% in the severe group (S11 Table). The
highest case fatality rate was observed for CM (19.6%). Although mortality was dependent on
the type of severe disease (S10 Fig), it was not associated with duration of illness in severe cases
when adjusting for age (p > 0.05 for any day of delay for both children and adults). Mortality
was higher in children with SMA compared to the uncomplicated group accounting for age
(OR =7.27,95% CI = 4.57-11.56, p < 0.001), even with exclusion of SMA cases who also pre-
sented with other severe phenotypes (OR = 1.95, 95% CI = 1.07-3.55, p = 0.03). Amongst chil-
dren with severe disease, mortality in SMA cases was lower compared with those with other
severe phenotypes, adjusting for age (OR = 0.63, 95% CI = 0.49-0.82, p = 0.001). A lower pro-
portion of individuals presenting with SMA were febrile (>37.5°C) at presentation compared
with other phenotypes (56.4% febrile for SMA compared with a range of 61.1%-84.0% febrile
for other phenotypes). Amongst SMA cases, a higher proportion seeking treatment quickly
(within 1 day of symptom onset) had fever at presentation (63.8% versus 56.3% presenting to
the hospital after the first day of symptom onset), suggesting that fever may trigger treatment-
seeking more than other SMA symptoms.

Travelling time to the health facility was recorded for 2,604 UM cases and 2,579 SM cases
and was strongly associated with increased odds of severe disease, though the association
between geographic distance and severity was not as strong (S11 Fig and S12 Fig). A small but
statistically significant positive correlation was found between duration of illness and travelling
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time (Spearman’s rho = 0.16, p < 0.001, N = 5,313). The odds of severe disease were approxi-
mately 2-3 times higher for those living further than 1 hour of travel time from the health facil-
ity, even after adjusting for duration of illness (S11 Fig). This suggested a selection bias, with
cases living further away being less likely to travel to the health facility when the illness was not
severe. The association between delay to treatment and SMA remained similar after adjust-
ment for travelling time to the health facility (OR of SMA = 3.12 for a delay of 2 to 3 days ver-
sus <24 hours, 95% CI: 1.78-5.48 [p < 0.001]; not adjusted for travelling time for the same
subset: OR = 3.36, 95% CI: 1.92-5.87 [p < 0.001], S13 Fig). The same conclusions were drawn
when restricting the analysis to children living close to the health facility (distance < 17.2 km
or travelling time <35 minutes; S13 Fig; for a delay of 2 to 3 days compared with < 24 hours:
OR =3.30, 95% CI = 1.37-7.97, p = 0.008). Assuming that treatment is received within 24
hours, the reduction of SMA cases estimated from this subgroup analysis is 63.3% for children
and 57.9% for adults.

Geolocated individual-level data were available for a subset of the individuals from the Tan-
zanian study conducted in 2002 (n = 3,992) [13]. Amongst children with available data on ill-
ness duration, 13% (219/1,706) were classified as living in an urban location. Residing in an
urban location was associated with lower odds of SM compared with living in a rural location
in this setting (any SM: OR = 0.39, 95% CI = 0.32-0.48, p < 0.001; SMA: OR = 0.18, 95%

CI =0.12-0.25, p < 0.001). In the stratified analysis of this subset population, the OR compar-
ing <24 hours versus >24 hours for any SM was 0.94 (95% CI = 0.49-1.80, p = 0.84) for those
living in rural areas and 1.02 (95% CI = 0.30, 3.50; p = 0.97) in urban areas, but this difference
was not statistically significant (interaction term: p = 0.86). A test for this interaction for spe-
cific SM phenotypes could not be performed because of the small sample size with severe dis-
ease living in urban areas. The mean population density around a 30-km radius of a hospital’s
location ranged between 18 per km? (Macha, Zambia) and 1,562 per km? (Cotonou, Benin).
For children admitted to hospitals located in areas of low population density (<300/km?), the
OR for a delay of >24 hours compared to being admitted within the first day of symptom
onset was 1.43 (95% CI = 1.11-1.84, p = 0.005) for any SM and 2.52 (95% CI = 1.75-3.64;

p < 0.001) for SMA. In more densely populated areas (>300/km?), the equivalent ORs for SM
and SMA were 1.08 (95% CI = 0.72-1.61; p = 0.72) and 4.59 (95% CI = 1.12-18.75; p = 0.03),
respectively. The association between duration of illness and severity was not significantly dif-
ferent between the 2 population density groups (test for an interaction—SM: p = 0.32; SMA:
p=0.35).

Prior treatment with any antimalarial outside the hospital setting was much more common
for severe cases (65.8%; 2,059/3,127) than uncomplicated cases (24.8%; 1,037/4,183). In chil-
dren, prior treatment was associated with longer delay to admission (x> = 115.71, p < 0.001).
Those who lived over 10 km from a health facility were more likely to have taken antimalarial
treatment compared with those living within 10 km (OR [95% CI] = 2.65 [1.56, 4.50]; X =
15.12, p = 0.001). Compared with receiving no prior treatment and adjusting for delay to treat-
ment, an association of prior treatment was observed with presentation with severe disease in
children (OR = 1.50, 95% CI: 1.22-1.85, p = 0.028), but this was not the case when also
accounting for travelling time (OR = 1.14, 95% CI: 0.82-1.59, p = 0.45). However, an associa-
tion was observed between prior antimalarial treatment and increased odds of SMA, even
when accounting for both illness duration and travelling time (OR = 1.55, 95% CI: 1.03-2.33,
p = 0.035), though it was unknown whether reported antimalarial use occurred before onset
of severe symptoms. Prior treatment with ACT specifically was not associated with a change
in the odds of any SM (OR = 0.55, 95% CI: 0.22, 1.36; p = 0.19), adjusting for treatment
delay. In the subset analysis including patients who reported taking no antimalarial treat-
ment prior to admission, similar relationships were observed between treatment delay and
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severity (S14 Fig). In this analysis, we estimate that 29.7% of SMA cases in children would
have been averted if they received treatment within the first 24 hours of symptom onset. We
further investigated the association between severity and first-line antimalarial treatment
policies of each country. The studies conducted in Zambia, The Gambia (Farafenni), Yemen,
Tanzania (2002), and Uganda (2003) were classified as pre-ACT. We found no significant
interaction between duration of illness and classification of study as pre- or post-ACT policy
(likelihood ratio test for presence of an interaction: p = 0.24 and p = 0.78 for any SM and
SMA, respectively).

Discussion

Despite substantial investment in programmes that improve rapid access to antimalarial treat-
ment and universal acknowledgment that such access is critical, it has been difficult to quantify
the impact of rapid treatment on malaria morbidity and mortality. Our analyses pooling data
from 13 studies suggest that reducing delay to treatment is very strongly associated with pre-
venting SMA, and there are also moderate associations with other SM types. Some inconsis-
tencies observed in the association between treatment delay and severe disease in previous
studies may be explained by differences in the frequency of SM types in different study popula-
tions and transmission settings, highlighting the importance of stratifying analyses by type of
SM. Whilst the included studies are observational, after adjusting for potential biases, we esti-
mate that if the association between treatment delay and SMA is causal, approximately half of
SMA cases in these studies would have been prevented if all cases were treated within a day of
symptom onset. This suggests the potential for substantial reduction of SM by increasing rapid
access to treatment through interventions such as increasing the number of health facilities,
reducing healthcare fees, or funding CHWs.

Previous studies have shown evidence of an association between mortality and treatment
delay that was not observed here [53,54]. Our analysis focuses on the delay in treating UM, but
mortality can be affected by many other factors after SM develops, for example, by the avail-
ability of prereferral rectal artesunate for patients who live far from a health facility [55], as
well as the availability of hospital staff, facilities, antimalarial drugs, and supportive treatment
procedures after presentation at the hospital. For example, blood transfusions are not available
in all areas and often involve further risks of infection, particularly when appropriate tests on
donors are not carried out [56,57]. Studies have suggested that long delays in receiving blood
transfusions in SMA cases are associated with lower survival [58]. Despite SMA being less fre-
quently fatal compared to other SM phenotypes in hospital-based studies, it is associated with
poor long-term outcomes and higher mortality after hospital discharge [59]. Our findings
highlight that improving access to treatment would be likely to reduce the need for blood
transfusions and potentially reduce the high rate of postdischarge readmission and mortality
[60].

Both biological reasons as well as data limitations may explain why we observed a stron-
ger association between delay to treatment and SMA compared with other SM phenotypes
such as CM and RDS. Time since onset of illness is reported by caregivers in these studies,
and for some CM or RDS cases, caregivers may report the onset of the very evident severe
symptoms associated with these conditions, such as coma or fast breathing, instead of
uncomplicated symptoms that occur earlier. This is supported by our analysis showing that
in studies which asked about onset of fever (often a first sign of UM) rather than a less spe-
cific question about onset of ‘illness’, there was more evidence of an association between
treatment delay and other severe disease phenotypes than in the full pooled data. Addition-
ally, the much higher fatality rate of CM and RDS may mean that a higher proportion of
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these cases die before reaching a healthcare facility compared with SMA cases in areas of
low access to care. However, in the UK data, in which we may expect that few severe cases
would not access healthcare, there was still a relatively strong association between treatment
delay and cases developing SM.

Relevant biological differences between types of SM include the likelihood that symptoms
of SMA are less specific, less easily recognised, and have a slower onset [61]. Previous studies
were also unable to detect a strong association between delay from onset of fever and risk of
CM [28]. Studies support the view that CM is biologically different to other SM phenotypes,
with different aetiological pathways [62,63] as well as an important role of genetic variations at
both the host and parasite level [64-67]. CM appears to develop faster than SMA [68], suggest-
ing a narrower time window may exist for preventing CM by treatment that hinders detection
in epidemiological studies. Such a rapid progression highlights the importance of prevention
of initial infection by other interventions such as insecticide-treated nets.

Evidence from settings with very good access to antimalarial treatment are consistent with
our findings. In a malaria vaccine (RTS,S) trial setting, with clinical care being part of the trial
design, the ratio of the proportion of SMA versus CM amongst severe cases in 5- to 7-month-
old children was lower than that observed in our data for the same age group (SMA versus
CM: 5.0 for RTS,S trial and 9.0 for our pooled data set) [69]. This may suggest SMA cases are
more amenable to prevention by treatment than CM cases. A large observational study con-
ducted in Uganda showed an even greater impact when prompt treatment and regular check-
ups were provided as part of the study, recording no malaria deaths or SM cases of any type
[70], supporting the idea that all types of SM can be prevented by prompt treatment. The
strong association between delay to treatment and presentation of SM, despite rarely present-
ing with SMA in the UK study, further highlights the importance of prompt treatment for all
SM types.

Longer travelling times and living in rural areas, indicators of the ease of access to health-
care, were both associated with higher odds of severe disease independently of treatment
delay. This is likely to indicate selection bias, in that uncomplicated cases who live further
from the health facility may be less likely to seek treatment in the formal healthcare system.
This bias does not, however, explain the association between delay and severe disease, which
remained statistically significant and of similar size when the analysis was restricted to individ-
uals living near the health facility (less than the median distance or travelling time). Addition-
ally, the association between delay and severity did not differ between urban and rural settings,
which further highlights this. Antimalarial treatment prior to being admitted to a formal health
facility was more common in severe cases and in those living further from the hospital. This
might indicate that seeking treatment outside the formal healthcare system, which may not be
effective, delays appropriate treatment and increases the risk of SM. This is supported by stud-
ies in Uganda and Tanzania, which have shown that seeking care at a drug shop as a first
response to illness was associated with delay in seeking care at a health facility where appropri-
ate care was provided [24,28,71]. In addition, studies from Nigeria and Tanzania have shown
evidence of progression to severe disease or SMA when not using a frontline antimalarial treat-
ment in areas of high parasite resistance or when using suboptimal dosage [24,72]. The impor-
tance of drug resistance on severity has been highlighted by a study conducted in The Gambia
during a period when chloroquine was still widely used, which found that carriage of chloro-
quine-resistant parasites increased the risk of SM in children [21]. It is difficult to distinguish
whether seeking prior treatment delays appropriate treatment or whether more severe symp-
toms trigger additional treatment without delaying care. Nonetheless, the large number of
cases obtaining antimalarial treatment prior to admission in this study highlights the impor-
tance of engaging all health providers (including the private sector) in malaria surveillance and
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case management, ensuring availability of effective and affordable antimalarials, and diagnos-
tic testing [73].

Delay in receiving treatment was associated with a higher risk of developing SMA in low-
to-moderate transmission settings (<35% slide prevalence in 2- to 10-year-olds), but not in
areas with very high malaria transmission intensity (>35% PfPR, ;). In high-transmission
settings, chronic—and therefore compensated—anaemia is more common, partly because of
frequent reinfection [74] as well as coinfections, malnutrition, and other risk factors linked
with the poverty often present in highly endemic areas. In our study populations, even patients
with UM in high-transmission settings (>35% PfPR,_1,) had on average 3.8 g/dl lower haemo-
globin levels than the same group in low-to-moderate transmission settings. Therefore, pro-
gression to SMA may occur rapidly in high-transmission areas, potentially making it difficult
to detect an impact of delay.

A limitation of this study is that there were relatively small numbers of adults with SM com-
pared to children, leading to limited power to detect differences between SM phenotypes.
Another main limitation is that not every study measured all markers of severity for everyone
included, and therefore, conclusions may be substantially influenced by missing data. Exclu-
sion of other conditions such as concomitant secondary bacteraemia, HIV, or other severe ill-
nesses varied between studies. For example, asymptomatic malaria cases admitted for severe
symptoms due to other conditions may be incorrectly included in the SM group. Findings
may also be subject to other confounding factors that we were unable to adjust for because
they were not measured in the studies included. For instance, low socioeconomic status and
malnutrition may be associated with both slower treatment-seeking at a health facility and
greater risk of SMA. We have addressed some of this confounding by adjusting for mother’s
educational level, which did not affect the main conclusions. Duration of fever or illness was
self-reported, and what constitutes as fever may vary by cultural setting [75]. True duration of
illness for children with severe disease may be longer than reported because caregivers may
feel reluctant to admit that care was not sought earlier. Conversely, mothers of children with
SM may be more likely to remember early symptoms compared with those of children with
UM [76-78].

Conclusions

A large number of deaths from malaria in Africa occur in children under 5 and are attributable
to SMA, which is estimated to constitute 47% of severe cases in high-transmission settings
[79-81]. The findings of this IPD meta-analysis highlight the importance of improving access
to prompt treatment in preventing SMA cases and reducing the need for potentially harmful
blood transfusions. There was also evidence that prompt treatment can prevent other SM phe-
notypes, but this association, though statistically significant, was weaker, perhaps due to differ-
ences in underlying mechanisms of pathology between phenotypes and data limitations.
CHWs have achieved increases in prompt ACT treatment coverage in many settings, but areas
with the highest malaria burden have still been unable to deploy CHWSs in most rural and low-
access areas [79]. Our findings highlight that expansion of the provision of timely treatment is
important in preventing SM and mortality.

Supporting information

S1 Checklist. PRISMA checklist of items specific to IPD meta-analyses. IPD, individual-
participant data; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analy-

ses
(DOCX)
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$2 Checklist. NOS for assessing bias in nonrandomised studies. NOS, Newcastle-Ottawa
quality assessment scale
(DOCX)

S1 Text. Details of search strategy (Table A) and study inclusion (Table B).
(DOCX)

S2 Text. Case definitions.
(DOCX)

S3 Text. Institutional ethics review committees, participant consent, and study funding.
(DOCX)

S1 Fig. PRISMA flow diagram of the screening process and selection of eligible studies.
PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PDF)

S2 Fig. Prevalence of phenotypes amongst severe cases for each data set. Proportions were
calculated for the severe cases with no missing values of a given measure. Each case may pres-
ent with more than 1 phenotype. Absence of a bar may indicate that no information was col-
lected on a phenotype (refer to Table 1 and S2 Table). For instance, the studies done in
Uganda were originally designed to look at CM (and severe anaemia for 2008) only. CM, cere-
bral malaria.

(TIF)

S3 Fig. Histograms of duration of illness prior to admission by study and severity. Histo-
grams showing distribution of illness duration for (A) UM and (B) SM. SM, severe malaria;
UM, uncomplicated malaria.

(TIF)

$4 Fig. Box-and-whisker plots of duration of illness prior to admission by study and sever-
ity. Box-and-whisker plots showing median and IQR of duration of illness/fever in children
<15 stratified by severity group (UM and SM) and data set are shown below (Nyy = 3,557,
Ngum = 3,935). Median is shown as a thick dark line, and outliers (observations that are over
1.5 x IQR from the upper and lower quartiles) are denoted. Extreme outliers, defined as dura-
tion of illness of over 3 weeks, are omitted from these plots (0.6% of cases [20 UM and 25 SM]
were omitted). SM, severe malaria; UM, uncomplicated malaria.

(TIF)

S5 Fig. Illness duration by severity and study in ages 15 years or over. Box-and-whisker
plots showing median and IQR of duration of illness/fever in those aged 15 and over, stratified
by severity group (UM: Nyy = 300, SM: Ngy = 226). Median is shown as a thick dark line, and
outliers (observations that are 1.5 x IQR from the lower or upper quartiles) are denoted.
Extreme outliers, defined as duration of illness of over 3 weeks, are omitted from these plots
(1.9% of cases aged 15 or over [4 UM and 6 SM] were omitted). SM, severe malaria; UM,
uncomplicated malaria.

(TIF)

S6 Fig. Prevalence of phenotypes amongst severe cases in children aged between 6 months
and 5 years (A), treatment delay and odds of presenting with any SM (B), SMA (C), and
receiving blood transfusion (D) in children aged between 6 months and 5 years. Propor-
tions were calculated for severe cases with no missing values of a given measure. Each case can
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present with more than one phenotype. ORs (and 95% Cls) for presentation with severe dis-
ease rather than UM (A & B) with each additional reported day of delay after initial symptoms,
compared with patients receiving treatment within 1 day of symptom onset (Nyy = 2,479,
Nom = 2,982, Ngma = 1,519). Amongst 5 studies with information on blood transfusions dur-
ing hospital admission, 29.8% (1,299/ 4,364) of children aged between 6 months to 5 years
with available data had received a blood transfusion. ORs (and 95% Cls) for receiving blood
transfusion was estimated for each additional day of illness duration amongst all uncompli-
cated and severe cases. All ORs shown were obtained from a mixed-effects logistic regression
adjusted for age as a linear predictor and allowed for random study effects. Statistically signifi-
cant ORs are denoted in red (dashed purple line: OR = 1). OR, odds ratio; SM, severe malaria;
SMA, severe malarial anaemia; UM, uncomplicated malaria.

(TIF)

S7 Fig. Treatment delay and odds of SM in adults aged 15 or over. Age-adjusted ORs (and
95% Cls) for the association between delay to treatment and presenting with (A) any severe
disease, (B) prostration, (C) SMA, (D) hyperlactataemia or acidosis, (E) RDS, and (F) CM for
adults aged 15 or over. Age-adjusted ORs were obtained from a mixed-effects logistic regres-
sion, with receiving treatment within 1 day of symptom onset being the reference category
(dashed purple line: OR = 1). UM: N = 300; SM: N = 226; prostration: N = 103; SMA: N = 101;
hyperlactataemia/acidosis: N = 40; RDS: N = 30; CM: N = 37. CM, cerebral malaria; OR, odds
ratio; RDS, respiratory distress syndrome; SM, severe malaria; SMA, severe malarial anaemia;
UM, uncomplicated malaria.

(TIF)

S8 Fig. Association between treatment delay and hyperlactataemia/acidosis (A), jaundice
(B), prostration (C), and hyperparasitaemia (D) in children under 15 years. Age-adjusted
ORs (and 95% Cls) for the association between delay to treatment and severe disease pheno-
types for children under 15. Age-adjusted ORs were obtained from a mixed-effects logistic
regression, with receiving treatment within 1 day of symptom onset being the reference cate-
gory (dashed purple line: OR = 1). The equivalent plots for any SM and SMA are shown in Fig
3 and for CM and RDS are shown in Fig 5. UM: N = 3,277; hyperlactataemia/acidosis:

N = 950; jaundice: N = 248; prostration: N = 1,710; hyperparasitaemia: N = 206. CM, cerebral
malaria; OR, odds ratio; RDS, respiratory distress syndrome; SM, severe malaria; SMA, severe
malarial anaemia; UM, uncomplicated malaria.

(TIF)

S9 Fig. Duration of fever and severe malarial disease (A), SMA (B), hyperlactataemia/aci-
dosis (C), prostration (D), and hyperparasitaemia (E). Age-adjusted ORs (and 95% CIs) for
the association between duration of fever and severe disease phenotypes for children under 15.
Age-adjusted ORs were obtained from a mixed-effects logistic regression, with receiving treat-
ment within 1 day of fever onset being the reference category (dashed purple line: OR = 1). Six
categories were used instead of 8 for duration of fever because sample size was smaller than the
analysis including duration of either illness or fever. The equivalent plots for CM and RDS are
shown in Fig 5. The association was not explored for jaundice because of small sample size.
UM: N =492; any SM: N = 1,197; SMA: N = 528; hyperlactataemia/acidosis: N = 309, prostra-
tion: N = 707; hyperparasitaemia: N = 34. CM, cerebral malaria; OR, odds ratio; RDS, respira-
tory distress syndrome; SM, severe malaria; SMA, severe malarial anaemia; UM,
uncomplicated malaria.

(TIF)
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S10 Fig. Mortality adjusted by phenotype in severe cases (A) and the association between
delay to treatment and mortality in severe cases (B), in SMA cases (C), and in CM cases
(D) in children. Adjusted ORs along with 95% CIs for mortality are shown obtained from
mixed-effects logistic regression in severe cases. Panel A shows results of a model adjusting for
age and presence of CM, severe anaemia, RDS, hyperlactataemia/acidosis, hypoglycaemia, and
prostration in children aged under 15 years (N = 1,964). ORs for Panel A show the adjusted
odds of mortality associated with each phenotype relative to other phenotypes (individuals
with severe disease but without a given phenotype were considered as the reference category).
Panels B-D show the association between duration of illness and odds of death amongst severe
cases (B; N = 3,550), SMA cases (C; N = 1,763) and CM cases (D; N = 727). CM, cerebral
malaria; OR, odds ratio; RDS, respiratory distress syndrome; SMA, severe malarial anaemia.
(TIF)

S11 Fig. Travelling time and severe malarial disease. ORs (and 95% Cls) for the associations
between travelling time to the health facility and presentation with any severe disease and spe-
cifically for SMA, hyperlactataemia/acidosis, RDS, CM, jaundice and hypoglycaemia for chil-
dren aged <15. ORs were adjusted for age and duration of illness and were obtained from a
mixed-effects logistic regression, with travelling time of under 1 hour being the reference cate-
gory (dashed purple line: OR = 1). Duration of illness was fitted as a categorical variable with
the following 8 categories: <1 day, >1 to <2 days, >2 to <3 days, >3 to <4 days, >4 to <5
days, >5 to <6 days, >6 to <7 days, >7 days. Uncomplicated: N = 2,468; any severe:

N = 1,274; SMA: N = 1,274; prostration: N = 899; hyperlactataemia/acidosis: N = 541; RDS:

N =590; CM: N = 261; jaundice: N = 195; hypoglycaemia: N = 206. For the studies conducted
in Farafenni (The Gambia) and the earlier Tanzanian study, travelling time was reported by
either the patient or caregiver, and for Yemen, this was measured by a field assistant. For the
later Tanzanian study, distance between the hospital and the individual’s district/village was
estimated using AccessMod, and travelling times were then computed based on reports by
local residents of how they would normally undertake the journey to the hospital (detailed cri-
teria in Manongi and colleagues [82]). CM, cerebral malaria; OR, odds ratio; RDS, respiratory
distress syndrome; SMA, severe malarial anaemia.

(TIF)

S12 Fig. Distance and severe malarial disease. ORs (and 95% Cls) for the association between
distance from the patient’s residence to the health facility and presenting with (A) any severe
disease and specifically for (B) SMA, (C) hyperlactataemia/acidosis, (D) RDS, (E) CM, and (F)
hypoglycaemia for children aged <15. ORs were adjusted for age and duration of illness and
were obtained from a mixed-effects logistic regression, with distance <10 km being the refer-
ence category (dashed purple line: OR = 1). Duration of illness was fitted as a categorical vari-
able with the following 8 categories: <1 day, >1 to <2 days, >2 to <3 days, >3 to <4 days, >4
to <5 days, >5 to <6 days, >6 to <7 days, >7 days. Uncomplicated: N = 479; any severe:

N = 285; SMA: N = 102; hyperlactataemia/acidosis: N = 48; RDS: N = 145; CM: N = 24; hypogly-
caemia: N = 27. In the study set in Benin, distance was measured between district of residence
and the hospital using Google Maps. For Yemen, the distance between the patient’s residence
and the hospital was measured by the visiting field assistant using car mileage. CM, cerebral
malaria; OR, odds ratio; RDS, respiratory distress syndrome; SMA, severe malarial anaemia.
(TIF)

$13 Fig. Accessibility and the association between duration of illness and odds of SMA
compared with UM in children <15. ORs (and 95% ClIs) for presentation with SMA with
each additional reported day of delay after initial symptoms compared with patients receiving
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treatment within 1 day of symptom onset. ORs were obtained from a mixed-effects logistic
regression adjusted for age as a linear predictor and allowed for random study effects. Statisti-
cally significant ORs are denoted in red (dashed purple line: OR = 1). (A) Adjusting for travel-
ling time (N = 3,742) and (B) limiting analysis to those who live near a health facility

(N = 2,026). This includes only those who live within median distance (<17.2 km) or travelling
time (<35 minutes) from the hospital. OR, odds ratio; SMA, severe malarial anaemia; UM,
uncomplicated malaria.

(TIF)

S14 Fig. Association between SM and delay in those who reported taking no antimalarial
treatment prior to admission in children <15. ORs (and 95% Cls) for presentation with (A)
any SM, (B) SMA, (E) CM, and (F) RDS and requiring a blood transfusion (C) with each addi-
tional reported day of delay after initial symptoms compared with patients receiving treatment
within 1 day of symptom onset. The equivalent plots for delay from fever onset are also shown
for CM (G) and RDS (H). Age-adjusted change in haemoglobin (g/dl) from a mixed-effects
general linear model is also shown in (D). All ORs were obtained from an age-adjusted mixed-
effects logistic regression. CM, cerebral malaria; OR, odds ratio; RDS, respiratory distress syn-
drome; SM, severe malaria; SMA, severe malarial anaemia.

(TIF)

S1 Table. Reported association between treatment delay and severity in studies not
included in the pooled analysis.
(DOCX)

S2 Table. Frequency of severe disease phenotypes by study. Table includes study site, study
period, age ranges included, and frequencies of SM phenotype groups. Percentages with a
given phenotype amongst severe cases are shown in brackets and omit missing values for that
phenotype. The denominator only includes those who were assessed for that phenotype. For
instance, renal impairment was not systematically assessed in many of the studies. ‘NA’ entries
indicate that no information was collected for that phenotype in that study. See Table 1 for
other phenotypes of SM. HG, Hypoglycaemia; HL, Hyperlactataemia or Acidosis; HP, hyper-
parasitaemia; JN, Jaundice; PRO, Prostration; RI, Renal Impairment; SM, severe malaria.
(DOCX)

S3 Table. Study design and matching of included studies.
(DOCX)

$4 Table. UK study of SM. Table includes data from 415 individuals aged 16 or over (median
age = 35, IQR = 27-46) recruited in Northwick Park Hospital (London, UK) between April
1991 and May 2006 [36]. Table denotes frequencies and percentages with UM and SM. Percent-
ages with a given phenotype amongst severe cases omit missing values for that phenotype. Data
for RDS and prostration were not collected. Mortality during admission was estimated amongst
SM cases. This study was not used in the pooled analysis but was used to compare IPD analysis
findings to those from a setting with high access to care. IPD, individual-participant data; RDS,
respiratory distress syndrome; SM, severe malaria; UM, uncomplicated malaria.

(DOCX)

S5 Table. Frequencies of UM and SM by age group. Table includes study site, study period,
age ranges included, and frequencies of UM and SM for 3 age groups (<5 years, 5 to <15
years, and 15+ years). Age was missing for 1 SM and 5 UM cases. SM, severe malaria; UM,
uncomplicated malaria.

(DOCX)

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003359  October 19, 2020 21/28


http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003359.s019
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003359.s020
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003359.s021
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003359.s022
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003359.s023
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003359.s024
https://doi.org/10.1371/journal.pmed.1003359

PLOS MEDICINE

The impact of delayed treatment on progression to severe P. falciparum malaria

S6 Table. Pairwise phi coefficients between different SM phenotypes amongst severe cases.
CM, cerebral malaria; HG, Hypoglycaemia; HL, Hyperlactataemia or Acidosis; HP, Hyperpar-
asitaemia; JN, Jaundice; PRO, Prostration; RDS, respiratory distress syndrome; RI, Renal
Impairment SM, severe malaria; SMA, severe malarial anaemia.

(DOCX)

S7 Table. Duration of severe symptoms. Duration of severe symptoms obtained from 5 stud-
ies for 1,323 individuals. The median delay to admission in days after onset of severe symp-
toms and the difference between reported onset of severe symptoms and onset of
uncomplicated disease are presented.

(DOCX)

S8 Table. RRs for presentation with severe disease phenotypes. RRs and associated 95% CI
shown were obtained using a GEE model, allowing for correlation of observations within stud-
ies. Models are shown for children (<15 years). GEE, generalised estimating equations; RR,
risk ratio

(DOCX)

S9 Table. Sensitivity analysis with (A) exclusion of multiple phenotypes and (B) mother’s
education as a covariate. Age-adjusted ORs (and 95% ClIs) for the association between delay
to treatment and SMA, RDS, and CM in children aged under 15. Age-adjusted ORs were
obtained from a mixed-effects logistic regression, with receiving treatment within 1 day of
symptom onset being the reference category. For sensitivity analysis A, cases with the pheno-
type of interest and prostration were not excluded because of prostration being a consequence
of other symptoms (for instance, large overlap between CM and prostration). For sensitivity
analysis B, low mother’s education was defined as not having completed at least primary edu-
cation. The mothers of 1,782 (38.0%) children did not complete primary education. Mother’s
education was quantified in 4 of the studies from Yemen (n = 781), The Gambia (Farafenni;

n = 447), Tanzania 2002-2003 (n = 1,309), and Tanzania 2006-2007 (n = 2,157). CM, cerebral
malaria; OR, odds ratio; RDS, respiratory distress syndrome; SMA, severe malarial anaemia.
(DOCX)

$10 Table. Delay to treatment and severe disease phenotypes for different malaria trans-
mission intensity levels in children. Age-adjusted ORs (and 95% ClIs) for the association
between duration of illness and SMA, RDS, and CM in children under 15. Age-adjusted ORs
were obtained from a mixed-effects logistic regression, with receiving treatment within 1 day
of symptom onset being the reference category. Models include an interaction between trans-
mission intensity and the effect of duration of illness on a phenotype. Transmission intensity
was categorised into low (PfPR,_;o < 10%), moderate (PfPR,_;, of 10% to <35%), and high
(PfPR;_19 > 35%). CM, cerebral malaria; OR, odds ratio; RDS, respiratory distress syndrome;
SMA, severe malarial anaemia.

(DOCX)

S11 Table. Mortality by severe phenotype. Case fatality in UM and SM groups. Table denotes
the number of individuals with available mortality status during admission and the number
(and %) of deaths amongst those. SM, severe malaria; UM, uncomplicated malaria.

(DOCX)

S1 Data.
(CSV)

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003359  October 19, 2020 22/28


http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003359.s025
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003359.s026
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003359.s027
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003359.s028
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003359.s029
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003359.s030
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003359.s031
https://doi.org/10.1371/journal.pmed.1003359

PLOS MEDICINE

The impact of delayed treatment on progression to severe P. falciparum malaria

S2 Data.
(XLSX)

Acknowledgments

We thank all participants and everyone involved in the collection, management, and analysis
of the data in the original or earlier studies, including Amina Farah, Frank Mtei, and Jamie
Griffin, and Peter Winskill for providing advice on methodology.

Author Contributions

Conceptualization: Andria Mousa, Quique Bassat, Joseph D. Challenger, Aubrey J. Cunning-
ton, Azra C. Ghani, Pierre Hugo, Lucy C. Okell.

Data curation: Abdullah Al-Taiar, Nicholas M. Anstey, Cyril Badaut, Bridget E. Barber, Qui-
que Bassat, Aubrey J. Cunnington, Dibyadyuti Datta, Chris Drakeley, Victor R. Gordeuk,
Matthew J. Grigg, Chandy C. John, Alfredo Mayor, Florence Migot-Nabias, Robert O.
Opoka, Geoffrey Pasvol, Claire Rees, Hugh Reyburn, Eleanor M. Riley, Binal N. Shah,
Antonio Sitoe, Colin J. Sutherland, Philip E. Thuma, Stefan A. Unger, Firmine Viwami,
Michael Walther, Christopher J. M. Whitty, Timothy William.

Formal analysis: Andria Mousa.

Investigation: Andria Mousa, Joseph D. Challenger, Lucy C. Okell.
Methodology: Andria Mousa, Joseph D. Challenger, Lucy C. Okell.
Project administration: Andria Mousa, Lucy C. Okell.

Resources: Abdullah Al-Taiar, Nicholas M. Anstey, Cyril Badaut, Bridget E. Barber, Quique
Bassat, Aubrey J. Cunnington, Dibyadyuti Datta, Chris Drakeley, Victor R. Gordeuk, Mat-
thew J. Grigg, Chandy C. John, Alfredo Mayor, Florence Migot-Nabias, Robert O. Opoka,
Geoftrey Pasvol, Claire Rees, Hugh Reyburn, Eleanor M. Riley, Binal N. Shah, Antonio
Sitoe, Colin J. Sutherland, Philip E. Thuma, Stefan A. Unger, Firmine Viwami, Michael
Walther, Christopher J. M. Whitty, Timothy William.

Software: Andria Mousa.

Supervision: Joseph D. Challenger, Azra C. Ghani, Lucy C. Okell.
Validation: Andria Mousa.

Visualization: Andria Mousa.

Writing - original draft: Andria Mousa.

Writing - review & editing: Andria Mousa, Abdullah Al-Taiar, Nicholas M. Anstey, Cyril
Badaut, Bridget E. Barber, Quique Bassat, Joseph D. Challenger, Aubrey J. Cunnington,
Dibyadyuti Datta, Chris Drakeley, Azra C. Ghani, Victor R. Gordeuk, Matthew J. Grigg,
Pierre Hugo, Chandy C. John, Alfredo Mayor, Florence Migot-Nabias, Robert O. Opoka,
Geoftrey Pasvol, Claire Rees, Hugh Reyburn, Eleanor M. Riley, Binal N. Shah, Antonio
Sitoe, Colin J. Sutherland, Philip E. Thuma, Stefan A. Unger, Firmine Viwami, Michael
Walther, Christopher J. M. Whitty, Timothy William, Lucy C. Okell.

References

1. World Health Organization. World Malaria Report 2019. 2019 [cited 2020 Jan 17]. Available from:
https://www.who.int/publications/i/item/world-malaria-report-2019

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003359  October 19, 2020 23/28


http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003359.s032
https://www.who.int/publications/i/item/world-malaria-report-2019
https://doi.org/10.1371/journal.pmed.1003359

PLOS MEDICINE

The impact of delayed treatment on progression to severe P. falciparum malaria

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

Bennett A, Bisanzio D, Yukich JO, Mappin B, Fergus CA, Lynch M, et al. Population coverage of artemi-
sinin-based combination treatment in children younger than 5 years with fever and Plasmodium falcipa-
rum infection in Africa, 2003—-2015: a modelling study using data from national surveys. The Lancet
Global health. 2017; 5(4): e418-27. https://doi.org/10.1016/S2214-109X(17)30076-1 PMID:
28288746

Camponovo F, Bever CA, Galactionova K, Smith T, Penny MA. Incidence and admission rates for
severe malaria and their impact on mortality in Africa. Malaria Journal. 2017; 16: 1. https://doi.org/10.
1186/512936-016-1650-6 PMID: 28049519

McCord GC, Liu A, Singh P. Deployment of community health workers across rural sub-Saharan Africa:
financial considerations and operational assumptions. Bulletin of the World Health Organization. 2013;
91: 244-53b. https://doi.org/10.2471/BLT.12.109660 PMID: 23599547

Taylor C, Griffiths F, Lilford R. Affordability of comprehensive community health worker programmes in
rural sub-Saharan Africa. BMJ Global Health. 2017; 2(3): e000391. https://doi.org/10.1136/bmjgh-
2017-000391 PMID: 29018584

Oresanya O, Counihan H, Nndaliman |, Alegbeleye A, Jiya J, Adesoro O, et al. Effect of community-
based intervention on improving access to treatment for sick under-five children in hard-to-reach com-
munities in Niger State, Nigeria. Journal of global health. 2019; 9(1): 010803. https://doi.org/10.7189/
jogh.09.010803 PMID: 31263548

Prosnitz D, Herrera S, Coelho H, Moonzwe Davis L, Zalisk K, Yourkavitch J. Evidence of Impact: iCCM
as a strategy to save lives of children under five. Journal of global health. 2019; 9(1): 010801. https://
doi.org/10.7189/jogh.09.010801 PMID: 31263547

Yansaneh Al, Moulton LH, George AS, Rao SR, Kennedy N, Bangura P, et al. Influence of community
health volunteers on care seeking and treatment coverage for common childhood illnesses in the con-
text of free health care in rural Sierra Leone. Tropical medicine & international health. 2014; 19(12):
1466-76. https://doi.org/10.1111/tmi.12383 PMID: 25243929

Mukanga D, Tiono AB, Anyorigiya T, Kallander K, Konate AT, Oduro AR, et al. Integrated community
case management of fever in children under five using rapid diagnostic tests and respiratory rate count-
ing: a multi-country cluster randomized trial. The American journal of tropical medicine and hygiene.
2012; 87(5 Suppl): 21-9. https://doi.org/10.4269/ajtmh.2012.11-0816

Kidane G, Morrow RH. Teaching mothers to provide home treatment of malaria in Tigray, Ethiopia: a ran-
domised trial. The Lancet. 2000; 356(9229): 550-5. https://doi.org/10.1016/S0140-6736(00)02580-0

Boone P, Elbourne D, Fazzio |, Fernandes S, Frost C, Jayanty C, et al. Effects of community health
interventions on under-5 mortality in rural Guinea-Bissau (EPICS): a cluster-randomised controlled trial.
The Lancet Global health. 2016; 4(5): €328-35. https://doi.org/10.1016/52214-109X(16)30048-1
PMID: 27102196

Okiro EA, Al-Taiar A, Reyburn H, Idro R, Berkley JA, Snow RW. Age patterns of severe paediatric
malaria and their relationship to Plasmodium falciparum transmission intensity. Malaria Journal. 2009; 8
(1): 4. https://doi.org/10.1186/1475-2875-8-4 PMID: 19128453

Reyburn H, Mbatia R, Drakeley C, Bruce J, Carneiro |, Olomi R, et al. Association of transmission inten-
sity and age with clinical manifestations and case fatality of severe Plasmodium falciparum malaria.
JAMA. 2005; 293(12): 1461-70. https://doi.org/10.1001/jama.293.12.1461 PMID: 15784869

Carneiro |, Roca-Feltrer A, Griffin JT, Smith L, Tanner M, Schellenberg JA, et al. Age-patterns of malaria
vary with severity, transmission intensity and seasonality in sub-Saharan Africa: a systematic review
and pooled analysis. PLoS ONE. 2010; 5(2):e8988. https://doi.org/10.1371/journal.pone.0008988
PMID: 20126547

Dondorp AM, Lee SJ, Faiz MA, Mishra S, Price R, Tjitra E, et al. The relationship between age and the
manifestations of and mortality associated with severe malaria. Clinical infectious diseases: an official
publication of the Infectious Diseases Society of America. 2008; 47(2): 151—7. https://doi.org/10.1086/
589287 PMID: 18533842

Njuguna P, Maitland K, Nyaguara A, Mwanga D, Mogeni P, Mturi N, et al. Observational study: 27 years
of severe malaria surveillance in Kilifi, Kenya. BMC Medicine. 2019; 17(1): 124. https://doi.org/10.1186/
$12916-019-1359-9 PMID: 31280724

Mockenhaupt FP, Ehrhardt S, Burkhardt J, Bosomtwe SY, Laryea S, Anemana SD, et al. Manifestation
and outcome of severe malaria in children in northern Ghana. The American journal of tropical medicine
and hygiene. 2004; 71(2): 167-72. PMID: 15306705

Seydel KB, Kampondeni SD, Valim C, Potchen MJ, Milner DA, Muwalo FW, et al. Brain swelling and
death in children with cerebral malaria. New England Journal of Medicine. 2015; 372(12): 1126-37.
https://doi.org/10.1056/NEJMoa1400116 PMID: 25785970

World Health Organization. World Malaria Report 2017. 2017 [cited 2020 Jan 17]. Available from:
https://www.who.int/malaria/publications/world-malaria-report-2017/en/.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003359  October 19, 2020 24/28


https://doi.org/10.1016/S2214-109X%2817%2930076-1
http://www.ncbi.nlm.nih.gov/pubmed/28288746
https://doi.org/10.1186/s12936-016-1650-6
https://doi.org/10.1186/s12936-016-1650-6
http://www.ncbi.nlm.nih.gov/pubmed/28049519
https://doi.org/10.2471/BLT.12.109660
http://www.ncbi.nlm.nih.gov/pubmed/23599547
https://doi.org/10.1136/bmjgh-2017-000391
https://doi.org/10.1136/bmjgh-2017-000391
http://www.ncbi.nlm.nih.gov/pubmed/29018584
https://doi.org/10.7189/jogh.09.010803
https://doi.org/10.7189/jogh.09.010803
http://www.ncbi.nlm.nih.gov/pubmed/31263548
https://doi.org/10.7189/jogh.09.010801
https://doi.org/10.7189/jogh.09.010801
http://www.ncbi.nlm.nih.gov/pubmed/31263547
https://doi.org/10.1111/tmi.12383
http://www.ncbi.nlm.nih.gov/pubmed/25243929
https://doi.org/10.4269/ajtmh.2012.11%26%23x2013%3B0816
https://doi.org/10.1016/S0140-6736%2800%2902580-0
https://doi.org/10.1016/S2214-109X%2816%2930048-1
http://www.ncbi.nlm.nih.gov/pubmed/27102196
https://doi.org/10.1186/1475-2875-8-4
http://www.ncbi.nlm.nih.gov/pubmed/19128453
https://doi.org/10.1001/jama.293.12.1461
http://www.ncbi.nlm.nih.gov/pubmed/15784869
https://doi.org/10.1371/journal.pone.0008988
http://www.ncbi.nlm.nih.gov/pubmed/20126547
https://doi.org/10.1086/589287
https://doi.org/10.1086/589287
http://www.ncbi.nlm.nih.gov/pubmed/18533842
https://doi.org/10.1186/s12916-019-1359-9
https://doi.org/10.1186/s12916-019-1359-9
http://www.ncbi.nlm.nih.gov/pubmed/31280724
http://www.ncbi.nlm.nih.gov/pubmed/15306705
https://doi.org/10.1056/NEJMoa1400116
http://www.ncbi.nlm.nih.gov/pubmed/25785970
https://www.who.int/malaria/publications/world-malaria-report-2017/en/
https://doi.org/10.1371/journal.pmed.1003359

PLOS MEDICINE

The impact of delayed treatment on progression to severe P. falciparum malaria

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kigozi SP, Kigozi RN, Sserwanga A, Nankabirwa JI, Staedke SG, Kamya MR, et al. Malaria Burden
through Routine Reporting: Relationship between Incidence and Test Positivity Rates. The American
journal of tropical medicine and hygiene. 2019; 101(1): 137—47. https://doi.org/10.4269/ajtmh.18-0901
PMID: 31074412

Meerman L, Ord R, Bousema JT, van Niekerk M, Osman E, Hallett R, et al. Carriage of chloroquine-
resistant parasites and delay of effective treatment increase the risk of severe malaria in Gambian chil-
dren. The Journal of infectious diseases. 2005; 192(9): 1651—7. https://doi.org/10.1086/496887 PMID:
16206082

Al-Taiar A, Jaffar S, Assabri A, Al-Habori M, Azazy A, Al-Gabri A, et al. Who develops severe malaria?
Impact of access to healthcare, socio-economic and environmental factors on children in Yemen: a
case-control study. Tropical medicine & international health. 2018; 13(6): 762—70. https://doi.org/10.
1111/j.1365-3156.2008.02066.x PMID: 18410250

Barber BE, Grigg MJ, William T, Piera KA, Boyle MJ, Yeo TW, et al. Effects of Aging on Parasite Bio-
mass, Inflammation, Endothelial Activation, Microvascular Dysfunction and Disease Severity in Plas-
modium knowlesi and Plasmodium falciparum Malaria. The Journal of infectious diseases. 2017; 215
(12): 1908-17. https://doi.org/10.1093/infdis/jix193 PMID: 28863470

Kahabuka C, Kvale G, Hinderaker SG. Factors associated with severe disease from malaria, pneumo-
nia and diarrhea among children in rural Tanzania—A hospital-based cross-sectional study. BMC Infec-
tious Diseases. 2012; 12: 219. https://doi.org/10.1186/1471-2334-12-219 PMID: 22978351

Mutsigiri-Murewanhema F, Mafaune PT, Shambira G, Juru T, Bangure D, Mungati M, et al. Factors
associated with severe malaria among children below ten years in Mutasa and Nyanga districts, Zimba-
bwe, 2014-2015. Pan Afr Med J. 2017; 27: 283. https://doi.org/10.11604/pam|.2017.27.23.10957 PMID:
28761599

Ossou-Nguiet PM, Okoko AR, Ekouya Bowassa G, Oko AP, Mabiala-Babela JR, Ndjobo Mamadoud
IC, et al. Determinants of cerebral malaria in Congolese children. Revue neurologique. 2013; 169(6-7):
510—4. https://doi.org/10.1016/j.neurol.2012.11.003 PMID: 23394850

Zoungrana A, Chou YJ, Pu C. Socioeconomic and environment determinants as predictors of severe
malaria in children under 5 years of age admitted in two hospitals in Koudougou district, Burkina Faso: a
cross sectional study. Acta tropica. 2014; 139: 109—-14. https://doi.org/10.1016/j.actatropica.2014.07.
011 PMID: 25076108

Mpimbaza A, Ndeezi G, Katahoire A, Rosenthal PJ, Karamagi C. Demographic, Socioeconomic, and
Geographic Factors Leading to Severe Malaria and Delayed Care Seeking in Ugandan Children: A
Case-Control Study. The American journal of tropical medicine and hygiene. 2017; 97(5): 1513-23.
https://doi.org/10.4269/ajtmh.17-0056 PMID: 29016322

Higgins SJ, Xing K, Kim H, Kain DC, Wang F, Dhabangi A, et al. Systemic release of high mobility group
box 1 (HMGBH1) protein is associated with severe and fatal Plasmodium falciparum malaria. Malaria
journal. 2013; 12: 105. https://doi.org/10.1186/1475-2875-12-105 PMID: 23506269

Rovira-Vallbona E, Moncunill G, Bassat Q, Aguilar R, Machevo S, Puyol L, et al. Low antibodies against
Plasmodium falciparum and imbalanced pro-inflammatory cytokines are associated with severe malaria
in Mozambican children: a case-control study. Malaria journal. 2012; 11: 181. https://doi.org/10.1186/
1475-2875-11-181 PMID: 22646809

Kingston HW, Ghose A, Plewes K, Ishioka H, Leopold SJ, Maude RJ, et al. Disease Severity and Effec-
tive Parasite Multiplication Rate in Falciparum Malaria. Open forum infectious diseases. 2017; 4(4):
ofx169. https://doi.org/10.1093/ofid/ofx169 PMID: 29302604

Stoute JA, Odindo AO, Owuor BO, Mibei EK, Opollo MO, Waitumbi JN. Loss of red blood cell-comple-
ment regulatory proteins and increased levels of circulating immune complexes are associated with
severe malarial anemia. J Infect Dis. 2003; 187(3): 522-5. https://doi.org/10.1086/367712 PMID:
12552440.

World Health Organization. Severe and complicated malaria. Transactions of the Royal Society of Trop-
ical Medicine and Hygiene. 1990; 84 Suppl 2: 1-65.

World Health Organization. Severe falciparum malaria. Transactions of the Royal Society of Tropical
Medicine and Hygiene. 2000; 94 Suppl 1: S1-90.

World Health Organization. Severe Malaria. Tropical Medicine & International Health. 2014; 19(s1): 7—
131. https://doi.org/10.1111/tmi.12313_2 PMID: 25214480

Phillips A, Bassett P, Szeki S, Newman S, Pasvol G. Risk Factors for Severe Disease in Adults with Fal-
ciparum Malaria. Clinical Infectious Diseases. 2009; 48(7):871-8. https://doi.org/10.1086/597258
PMID: 19243243

Stewart LA, Clarke M, Rovers M, Riley RD, Simmonds M, Stewart G, et al. Preferred Reporting ltems
for a Systematic Review and Meta-analysis of Individual Participant Data: The PRISMA-IPD Statement.
JAMA. 2015; 313(16): 1657—65. hitps://doi.org/10.1001/jama.2015.3656 PMID: 25919529

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003359  October 19, 2020 25/28


https://doi.org/10.4269/ajtmh.18-0901
http://www.ncbi.nlm.nih.gov/pubmed/31074412
https://doi.org/10.1086/496887
http://www.ncbi.nlm.nih.gov/pubmed/16206082
https://doi.org/10.1111/j.1365-3156.2008.02066.x
https://doi.org/10.1111/j.1365-3156.2008.02066.x
http://www.ncbi.nlm.nih.gov/pubmed/18410250
https://doi.org/10.1093/infdis/jix193
http://www.ncbi.nlm.nih.gov/pubmed/28863470
https://doi.org/10.1186/1471-2334-12-219
http://www.ncbi.nlm.nih.gov/pubmed/22978351
https://doi.org/10.11604/pamj.2017.27.23.10957
http://www.ncbi.nlm.nih.gov/pubmed/28761599
https://doi.org/10.1016/j.neurol.2012.11.003
http://www.ncbi.nlm.nih.gov/pubmed/23394850
https://doi.org/10.1016/j.actatropica.2014.07.011
https://doi.org/10.1016/j.actatropica.2014.07.011
http://www.ncbi.nlm.nih.gov/pubmed/25076108
https://doi.org/10.4269/ajtmh.17-0056
http://www.ncbi.nlm.nih.gov/pubmed/29016322
https://doi.org/10.1186/1475-2875-12-105
http://www.ncbi.nlm.nih.gov/pubmed/23506269
https://doi.org/10.1186/1475-2875-11-181
https://doi.org/10.1186/1475-2875-11-181
http://www.ncbi.nlm.nih.gov/pubmed/22646809
https://doi.org/10.1093/ofid/ofx169
http://www.ncbi.nlm.nih.gov/pubmed/29302604
https://doi.org/10.1086/367712
http://www.ncbi.nlm.nih.gov/pubmed/12552440
https://doi.org/10.1111/tmi.12313%5F2
http://www.ncbi.nlm.nih.gov/pubmed/25214480
https://doi.org/10.1086/597258
http://www.ncbi.nlm.nih.gov/pubmed/19243243
https://doi.org/10.1001/jama.2015.3656
http://www.ncbi.nlm.nih.gov/pubmed/25919529
https://doi.org/10.1371/journal.pmed.1003359

PLOS MEDICINE

The impact of delayed treatment on progression to severe P. falciparum malaria

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Wells GA, Shea B, O’Connell D, Peterson J, Welch V, Losos M, et al. The Newcastle-Ottawa scale
(NOS) for assessing the quality of nonrandomised studies in meta-analyses. 2000 [cited 2020 August
10]. Available from: http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp.

Weiss DJ, Lucas TCD, Nguyen M, Nandi AK, Bisanzio D, Battle KE, et al. Mapping the global preva-
lence, incidence, and mortality of Plasmodium falciparum, 2000-17: a spatial and temporal modelling
study. The Lancet. 2019; 394(10195):322—31. https://doi.org/10.1016/S0140-6736(19)31097-9 PMID:
31229234

World Health Organization. A framework for malaria elimination 2017. 2017 [cited 2020 Jan 17]. Avail-
able from: https://www.who.int/malaria/publications/atoz/9789241511988/en/.

Alegana VA, Wright JA, Pentrina U, Noor AM, Snow RW, Atkinson PM. Spatial modelling of healthcare
utilisation for treatment of fever in Namibia. International journal of health geographics. 2012; 11: 6.
https://doi.org/10.1186/1476-072X-11-6 PMID: 22336441

Balk DL, Deichmann U, Yetman G, Pozzi F, Hay SI, Nelson A. Determining Global Population Distribu-
tion: Methods, Applications and Data. Adv Parasitol. 2006; 62: 119-56. https://doi.org/10.1016/S0065-
308X(05)62004-0 PMID: 16647969

Center for International Earth Science Information Network—CIESIN—Columbia University IFPRI-I,
The World Bank, and Centro Internacional de Agricultura Tropical-CIAT. Global Rural-Urban Mapping
Project, Version 1 (GRUMPv1): Urban Extents Grid. 2011. https://doi.org/10.7927/HAGHIFVG.

Winskill P, Whittaker C, Walker P, Watson O, Laydon D, Imai N, et al. Report 22: Equity in response to
the COVID-19 pandemic: an assessment of the direct and indirect impacts on disadvantaged and vul-
nerable populations in low- and lower middle-income countries. Imperial College London. 2020 [cited
2020 Jul 17]. https://doi.org/10.25561/78965.

European Commission—Eurostat and DG for Regional and Urban Policy—ILO F, OECD, UN-Habitat,
World Bank. A recommendation on the method to delineate cities, urban and rural areas for international
statistical comparisons 2020. 2020 [cited 2020 Jul 17]. Available from: https://unstats.un.org/unsd/
statcom/51st-session/documents/BG-ltem3j-Recommendation-E.pdf.

Badaut C, Guyonnet L, Milet J, Renard E, Durand R, Viwami F, et al. Immunoglobulin response to Plas-
modium falciparum RESA proteins in uncomplicated and severe malaria. Malaria Journal. 2015; 14:
278. https://doi.org/10.1186/s12936-015-0799-8 PMID: 26178656

Walther M, Jeffries D, Finney OC, Njie M, Ebonyi A, Deininger S, et al. Distinct roles for FOXP3 and
FOXP3 CDA4 T cells in regulating cellular immunity to uncomplicated and severe Plasmodium falciparum
malaria. PLoS Pathog. 2009; 5(4): €1000364. https://doi.org/10.1371/journal.ppat. 1000364 PMID:
19343213

Rees CP, Hawkesworth S, Moore SE, Dondeh BL, Unger SA. Factors Affecting Access to Healthcare:
An Observational Study of Children under 5 Years of Age Presenting to a Rural Gambian Primary
Healthcare Centre. PLoS ONE. 2016; 11(6): e0157790. https://doi.org/10.1371/journal.pone.0157790
PMID: 27336164

Nadjm B, Amos B, Mtove G, Ostermann J, Chonya S, Wangai H, et al. WHO guidelines for antimicrobial
treatment in children admitted to hospital in an area of intense Plasmodium falciparum transmission:
prospective study. BMJ. 2010; 340: ¢1350. https://doi.org/10.1136/bmj.c1350 PMID: 20354024

John CC, Opika-Opoka R, Byarugaba J, Idro R, Boivin MJ. Low Levels of RANTES Are Associated with
Mortality in Children with Cerebral Malaria. The Journal of Infectious Diseases. 2006; 194(6): 837—45.
https://doi.org/10.1086/506623 PMID: 16941352

Bangirana P, Opoka RO, Boivin MJ, Idro R, Hodges JS, Romero RA, et al. Severe malarial anemia is
associated with long-term neurocognitive impairment. Clinical infectious diseases: an official publication
of the Infectious Diseases Society of America. 2014; 59(3): 336—44. https://doi.org/10.1093/cid/ciu293
PMID: 24771329

Thuma PE, van Dijk J, Bucala R, Debebe Z, Nekhai S, Kuddo T, et al. Distinct clinical and immunologic
profiles in severe malarial anemia and cerebral malaria in Zambia. J Infect Dis. 2011; 203(2): 211-9.
https://doi.org/10.1093/infdis/jig041 PMID: 21288821

Ejov MN, Tun T, Aung S, Lwin S, Sein K. Hospital-based study of severe malaria and associated deaths
in Myanmar. Bulletin of the World Health Organization. 1999; 77(4): 310-4. PMID: 10327709

Gellert S, Hassan BY, Meleh S, Hiesgen G. Malaria prevalence and outcome in the in-patients of the
Paediatric Department of the State Specialists Hospital (SSH), Maiduguri, Nigeria. Journal of tropical
pediatrics. 1998; 44(2): 109-13. https://doi.org/10.1093/tropej/44.2.109 PMID: 9604601

Gomes MF, Faiz MA, Gyapong JO, Warsame M, Agbenyega T, Babiker A, et al. Pre-referral rectal arte-
sunate to prevent death and disability in severe malaria: a placebo-controlled trial. Lancet (London,
England). 2009; 373(9663): 557—66. https://doi.org/10.1016/s0140-6736(08)61734-1 PMID: 19059639

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003359  October 19, 2020 26/28


http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
https://doi.org/10.1016/S0140-6736%2819%2931097-9
http://www.ncbi.nlm.nih.gov/pubmed/31229234
https://www.who.int/malaria/publications/atoz/9789241511988/en/
https://doi.org/10.1186/1476-072X-11-6
http://www.ncbi.nlm.nih.gov/pubmed/22336441
https://doi.org/10.1016/S0065-308X%2805%2962004-0
https://doi.org/10.1016/S0065-308X%2805%2962004-0
http://www.ncbi.nlm.nih.gov/pubmed/16647969
https://doi.org/10.7927/H4GH9FVG
https://doi.org/10.25561/78965
https://unstats.un.org/unsd/statcom/51st-session/documents/BG-Item3j-Recommendation-E.pdf
https://unstats.un.org/unsd/statcom/51st-session/documents/BG-Item3j-Recommendation-E.pdf
https://doi.org/10.1186/s12936-015-0799-8
http://www.ncbi.nlm.nih.gov/pubmed/26178656
https://doi.org/10.1371/journal.ppat.1000364
http://www.ncbi.nlm.nih.gov/pubmed/19343213
https://doi.org/10.1371/journal.pone.0157790
http://www.ncbi.nlm.nih.gov/pubmed/27336164
https://doi.org/10.1136/bmj.c1350
http://www.ncbi.nlm.nih.gov/pubmed/20354024
https://doi.org/10.1086/506623
http://www.ncbi.nlm.nih.gov/pubmed/16941352
https://doi.org/10.1093/cid/ciu293
http://www.ncbi.nlm.nih.gov/pubmed/24771329
https://doi.org/10.1093/infdis/jiq041
http://www.ncbi.nlm.nih.gov/pubmed/21288821
http://www.ncbi.nlm.nih.gov/pubmed/10327709
https://doi.org/10.1093/tropej/44.2.109
http://www.ncbi.nlm.nih.gov/pubmed/9604601
https://doi.org/10.1016/s0140-6736%2808%2961734-1
http://www.ncbi.nlm.nih.gov/pubmed/19059639
https://doi.org/10.1371/journal.pmed.1003359

PLOS MEDICINE

The impact of delayed treatment on progression to severe P. falciparum malaria

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Meremikwu M, Smith HJ. Blood transfusion for treating malarial anaemia. The Cochrane database of
systematic reviews. 2000;(2): Cd001475. https://doi.org/10.1002/14651858.CD001475 PMID:
10796646

Verra F, Angheben A, Martello E, Giorli G, Perandin F, Bisoffi Z. A systematic review of transfusion-
transmitted malaria in non-endemic areas. Malaria Journal. 2018; 17(1): 36. https://doi.org/10.1186/
$12936-018-2181-0 PMID: 29338786

Lackritz EM, Campbell CC, Ruebush TK 2nd, Hightower AW, Wakube W, Steketee RW, et al. Effect of
blood transfusion on survival among children in a Kenyan hospital. Lancet (London, England). 1992;
340(8818): 524-8. https://doi.org/10.1016/0140-6736(92)91719-0

Phiri KS, Calis JCJ, Faragher B, Nkhoma E, Ng'oma K, Mangochi B, et al. Long term outcome of severe
anaemia in Malawian children. PLoS ONE. 2008; 3(8): e2903—e. https://doi.org/10.1371/journal.pone.
0002903 PMID: 18682797.

Opoka RO, Waiswa A, Harriet N, John CC, Tumwine JK, Karamagi C. Blackwater Fever in Ugandan
Children With Severe Anemia is Associated With Poor Postdischarge Outcomes: A Prospective Cohort
Study. Clinical Infectious Diseases. 2019; 70(11): 2247-54. https://doi.org/10.1093/cid/ciz648 PMID:
31300826

Schellenberg D, Schellenberg JR, Mushi A, Savigny D, Mgalula L, Mbuya C, et al. The silent burden of
anaemia in Tanzanian children: a community-based study. Bull World Health Organisation. 2003; 81(8):
581-90.

Buffet PA, Safeukui |, Deplaine G, Brousse V, Prendki V, Thellier M, et al. The pathogenesis of Plasmo-
dium falciparum malaria in humans: insights from splenic physiology. Blood. 2011; 117(2): 381-92.
https://doi.org/10.1182/blood-2010-04-202911 PMID: 20852127

Cunnington AJ, Bretscher MT, Nogaro Sl, Riley EM, Walther M. Comparison of parasite sequestration
in uncomplicated and severe childhood Plasmodium falciparum malaria. The Journal of Infection. 2013;
67(3): 220-30. https://doi.org/10.1016/}.jinf.2013.04.013 PMID: 23623771

Avril M, Brazier AJ, Melcher M, Sampath S, Smith JD. DC8 and DC13 var genes associated with severe
malaria bind avidly to diverse endothelial cells. PLoS Pathog. 2013; 9(6): e1003430. https://doi.org/10.
1371/journal.ppat.1003430 PMID: 23825944

Bertin Gl, Lavstsen T, Guillonneau F, Doritchamou J, Wang CW, Jespersen JS, et al. Expression of the
Domain Cassette 8 Plasmodium falciparum Erythrocyte Membrane Protein 1 Is Associated with Cere-
bral Malaria in Benin. PLoS ONE. 2013; 8(7): 68368. https://doi.org/10.1371/journal.pone.0068368
PMID: 23922654

Ochola LB, Siddondo BR, Ocholla H, Nkya S, Kimani EN, Williams TN, et al. Specific Receptor Usage
in Plasmodium falciparum Cytoadherence Is Associated with Disease Outcome. PLoS ONE. 2011; 6
(3): 14741, https://doi.org/10.1371/journal.pone.0014741 PMID: 21390226

TurnerL, Lavstsen T, Berger SS, Wang CW, Petersen JE, Avril M, et al. Severe malaria is associated
with parasite binding to endothelial protein C receptor. Nature. 2013; 498(7455): 502-5. hitps://doi.org/
10.1038/nature12216 PMID: 23739325

Georgiadou A, Lee HJ, Walther M, van Beek AE, Fitriani F, Wouters D, et al. Modelling pathogen load
dynamics to elucidate mechanistic determinants of host—Plasmodium falciparum interactions. Nature
Microbiology. 2019; 4(9): 1592—-602. https://doi.org/10.1038/s41564-019-0474-x PMID: 31209307

Guerra Mendoza Y, Garric E, Leach A, Lievens M, Ofori-Anyinam O, Pircon JY, et al. Safety profile of
the RTS,S/AS01 malaria vaccine in infants and children: additional data from a phase 1l randomized
controlled trial in sub-Saharan Africa. Human vaccines & immunotherapeutics. 2019; 15(10): 2386-98.
https://doi.org/10.1080/21645515.2019.1586040 PMID: 31012786

Clark TD, Njama-Meya D, Nzarubara B, Maiteki-Sebuguzi C, Greenhouse B, Staedke SG, et al. Inci-
dence of Malaria and Efficacy of Combination Antimalarial Therapies over 4 Years in an Urban Cohort
of Ugandan Children. PLoS ONE. 2010; 5(7): e11759. https://doi.org/10.1371/journal.pone.0011759
PMID: 20689585

Mpimbaza A, Katahoire A, Rosenthal PJ, Karamagi C, Ndeezi G. Caregiver responses and association
with delayed care-seeking in children with uncomplicated and severe malaria. Malaria Journal. 2018; 17
(1): 476. https://doi.org/10.1186/s12936-018-2630-9 PMID: 30563514

Anumudu CI, Okafor CMF, Ngwumohaike V, Afolabi KA, Nwuba RI, Nwagwu M. Epidemiological fac-
tors that promote the development of severe malaria anaemia in children in Ibadan. African Health Sci-
ences. 2007; 7(2): 80-5. https://doi.org/10.5555/afhs.2007.7.2.80 PMID: 17594284

Group ACTwatch, Kaula H, Buyungo P, Opigo J. Private sector role, readiness and performance for
malaria case management in Uganda, 2015. Malaria journal. 2017; 16(1): 219. https://doi.org/10.1186/
$12936-017-1824-x PMID: 28545583

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003359  October 19, 2020 27/28


https://doi.org/10.1002/14651858.CD001475
http://www.ncbi.nlm.nih.gov/pubmed/10796646
https://doi.org/10.1186/s12936-018-2181-0
https://doi.org/10.1186/s12936-018-2181-0
http://www.ncbi.nlm.nih.gov/pubmed/29338786
https://doi.org/10.1016/0140-6736%2892%2991719-o
https://doi.org/10.1371/journal.pone.0002903
https://doi.org/10.1371/journal.pone.0002903
http://www.ncbi.nlm.nih.gov/pubmed/18682797
https://doi.org/10.1093/cid/ciz648
http://www.ncbi.nlm.nih.gov/pubmed/31300826
https://doi.org/10.1182/blood-2010-04-202911
http://www.ncbi.nlm.nih.gov/pubmed/20852127
https://doi.org/10.1016/j.jinf.2013.04.013
http://www.ncbi.nlm.nih.gov/pubmed/23623771
https://doi.org/10.1371/journal.ppat.1003430
https://doi.org/10.1371/journal.ppat.1003430
http://www.ncbi.nlm.nih.gov/pubmed/23825944
https://doi.org/10.1371/journal.pone.0068368
http://www.ncbi.nlm.nih.gov/pubmed/23922654
https://doi.org/10.1371/journal.pone.0014741
http://www.ncbi.nlm.nih.gov/pubmed/21390226
https://doi.org/10.1038/nature12216
https://doi.org/10.1038/nature12216
http://www.ncbi.nlm.nih.gov/pubmed/23739325
https://doi.org/10.1038/s41564-019-0474-x
http://www.ncbi.nlm.nih.gov/pubmed/31209307
https://doi.org/10.1080/21645515.2019.1586040
http://www.ncbi.nlm.nih.gov/pubmed/31012786
https://doi.org/10.1371/journal.pone.0011759
http://www.ncbi.nlm.nih.gov/pubmed/20689585
https://doi.org/10.1186/s12936-018-2630-9
http://www.ncbi.nlm.nih.gov/pubmed/30563514
https://doi.org/10.5555/afhs.2007.7.2.80
http://www.ncbi.nlm.nih.gov/pubmed/17594284
https://doi.org/10.1186/s12936-017-1824-x
https://doi.org/10.1186/s12936-017-1824-x
http://www.ncbi.nlm.nih.gov/pubmed/28545583
https://doi.org/10.1371/journal.pmed.1003359

PLOS MEDICINE

The impact of delayed treatment on progression to severe P. falciparum malaria

74.

75.

76.

77.

78.

79.

80.

81.

82.

Mensah-Brown HE, Abugri J, Asante KP, Dwomoh D, Dosoo D, Atuguba F, et al. Assessing the impact
of differences in malaria transmission intensity on clinical and haematological indices in children with
malaria. Malaria Journal. 2017; 16(1): 96. https://doi.org/10.1186/s12936-017-1745-8 PMID: 28249579

Bourgeois FT, Porter SC, Valim C, Jackson T, Cook EF, Mandl KD. The value of patient self-report for
disease surveillance. J Am Med Inform Assoc. 2007; 14(6): 765—71. https://doi.org/10.1197/jamia.
M2134 PMID: 17712092

Overbey KN, Schwab KJ, Exum NG. Comparison of 1-week and 2-week recall periods for caregiver-
reported diarrhoeal illness in children, using nationally representative household surveys. International
Journal of Epidemiology. 2019; 48(4): 1228-39. https://doi.org/10.1093/ije/dyz043 PMID: 30907423

Arnold BF, Galiani S, Ram PK, Hubbard AE, Briceno B, Gertler PJ, et al. Optimal recall period for care-
giver-reported illness in risk factor and intervention studies: a multicountry study. American journal of
epidemiology. 2013; 177(4): 361-70. https://doi.org/10.1093/aje/kws281 PMID: 23364878

Lamberti LM, Fischer Walker CL, Taneja S, Mazumder S, Black RE. The Influence of Episode Severity
on Caregiver Recall, Care-seeking, and Treatment of Diarrhea Among Children 2-59 Months of Age in
Bihar, Gujarat, and Uttar Pradesh, India. The American journal of tropical medicine and hygiene. 2015;
93(2): 250-6. https://doi.org/10.4269/ajtmh.14-0727 PMID: 26033018

World Health Organization. World Malaria Report 2018. 2018 [cited 2020 Jan 17]. Available from:
https://www.who.int/malaria/publications/world-malaria-report-2018/en/.

Papaioannou |, Utzinger J, Vounatsou P. Malaria-anemia comorbidity prevalence as a measure of
malaria-related deaths in sub-Saharan Africa. Sci Rep. 2019; 9(1): 11323—. https://doi.org/10.1038/
s41598-019-47614-6 PMID: 31383881

Griffin JT, Hollingsworth TD, Reyburn H, Drakeley CJ, Riley EM, Ghani AC. Gradual acquisition of
immunity to severe malaria with increasing exposure. Proceedings Biological sciences. 2015; 282
(1801): 20142657. https://doi.org/10.1098/rspb.2014.2657 PMID: 25567652

Manongi R, Mtei F, Mtove G, Nadjm B, Muro F, Alegana V, et al. Inpatient child mortality by travel time
to hospital in a rural area of Tanzania. Tropical medicine & international health. 2014; 19(5): 555-62.
https://doi.org/10.1111/tmi.12294 PMID: 24661618

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003359  October 19, 2020 28/28


https://doi.org/10.1186/s12936-017-1745-8
http://www.ncbi.nlm.nih.gov/pubmed/28249579
https://doi.org/10.1197/jamia.M2134
https://doi.org/10.1197/jamia.M2134
http://www.ncbi.nlm.nih.gov/pubmed/17712092
https://doi.org/10.1093/ije/dyz043
http://www.ncbi.nlm.nih.gov/pubmed/30907423
https://doi.org/10.1093/aje/kws281
http://www.ncbi.nlm.nih.gov/pubmed/23364878
https://doi.org/10.4269/ajtmh.14-0727
http://www.ncbi.nlm.nih.gov/pubmed/26033018
https://www.who.int/malaria/publications/world-malaria-report-2018/en/
https://doi.org/10.1038/s41598-019-47614-6
https://doi.org/10.1038/s41598-019-47614-6
http://www.ncbi.nlm.nih.gov/pubmed/31383881
https://doi.org/10.1098/rspb.2014.2657
http://www.ncbi.nlm.nih.gov/pubmed/25567652
https://doi.org/10.1111/tmi.12294
http://www.ncbi.nlm.nih.gov/pubmed/24661618
https://doi.org/10.1371/journal.pmed.1003359

