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Endemic Burkitt lymphoma (eBL) is a pediatric cancer coendemic with malaria in
sub-Saharan Africa, suggesting an etiological link between them. However, previous
cross-sectional studies of limited geographic areas have not found a convincing asso-
ciation. We used spatially detailed data from the Epidemiology of Burkitt Lymphoma
in East African Children and Minors (EMBLEM) study to assess this relationship.
EMBLEM is a case—control study of eBL from 2010 through 2016 in six regions of
Kenya, Uganda, and Tanzania. To measure the intensity of exposure to the malaria
parasite, Plasmodium falciparum, among children in these regions, we used high-res-
olution spatial data from the Malaria Atlas Project to estimate the annual number of
P, falciparum infections from 2000 through 2016 for each of 49 districts within the study
region. Cumulative P, falciparum exposure, calculated as the sum of annual infections
by birth cohort, varied widely, with a median of 47 estimated infections per child by
age 10, ranging from 4 to 315 infections. eBL incidence increased 39% for each 100
additional lifetime P, falciparum infections (95% CI: 6.10 to 81.04%) with the risk
peaking among children aged 5 to 11 and declining thereafter. Alternative models using
estimated annual P, falciparum infections 0 to 10 y before eBL onset were inconclusive,
suggesting that eBL risk is a function of cumulative rather than recent cross-sectional
exposure. Our findings provide population-level evidence that eBL is a phenotype related
to heavy lifetime exposure to P falciparum malaria and support emphasizing the link
between malaria and eBL.

endemic Burkitt's ymphoma (eBL) | Plasmodium falciparum malaria | non-Hodgkin lymphoma |
East Africa | epidemiology

Endemic Burkitt lymphoma (eBL) is the most common pediatric cancer in equatorial
regions of sub-Saharan Africa (SSA) where Plasmodium (P) falciparum malaria is holoen-
demic (1). The cancer develops from mature germinal center B lymphocytes that have
chromosomal translocations leading to the deregulated expression of the MYC gene (2).
eBL has consistently been associated with Epstein Barr virus (EBV) and P falciparum
malaria (3), both of which are thought to explain the geographic concentration of eBL in
malaria-endemic regions where EBV infection is ubiquitous (4, 5). The posited mechanism
by which this occurs is an increase in chromosomal translocations, upregulated expression
of MYC, and activation-induced cytidine deaminase activity, a mutator enzyme that pro-
motes hypermutation in B cells (6, 7).

An association between country-level P falciparum malaria and eBL incidence in SSA
(8-10) was the first indicator of a potential etiological link (11). Other studies using
spatiotemporal data to examine this relationship have yielded inconclusive results, in part
due to the rarity of eBL cases, limited measurement of known confounders, and difficulty
of reliably assessing P falciparum infection incidence (8-10, 12-19).

We examined this association using P falciparum and eBL incidence data from six
regions of Uganda, Tanzania, and Kenya with generally elevated incidence of both. Data
for 522 eBL cases were obtained from the Epidemiology of Burkitt Lymphoma in East
African Children and Minors (EMBLEM) study, which enrolled eBL cases with associated
geographical data in the study regions from 2010 to 2016 (20). Recent improvements in
malaria surveillance, spurred by a renewed interest in malaria control and elimination (21,
22), have resulted in the production of high-quality, publicly available data on malaria
incidence and infection pressure at a fine spatial scale, most notably from the Malaria
Atlas Project (MAP) (23). We used the P falciparum parasite rate (24) among children
aged 2 to 10 y (P/PR2-10) (a standard index of malaria transmission burden) data from
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Endemic Burkitt's lymphoma
(eBL) is the most common
pediatric cancer in malaria-
endemic regions of sub-Saharan
Africa and is universally fatal if
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suggested an etiological link
between malaria exposure and
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spatially detailed data on malaria
parasite infection and eBL
incidence in sub-Saharan Africa
to assess the strength of this
association. We found each
additional 100 lifetime

P. falciparum infections were
associated with a 39% increase
in age-specific risk of eBL,
suggesting that malaria reduction
may substantially reduce eBL
incidence and mortality. Because
the impact of malaria on eBL
appears to be cumulative,
evaluation of these efforts should
account for lags between
declines in malaria incidence and
eBL incidence.
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2001 to 2017 released by MAP at 5 sq. km. units resolution to
estimate P falciparum parasite prevalence in all birth cohorts by
calendar year for each of the 49 districts in our dataset. Using the
geographic birth cohort PPR2-10 data, we calculated the corre-
sponding P, falciparum entomological inoculation rate (P/EIR),
which is the number of infectious mosquito bites (used inter-
changeably with inoculations) per person, per year, in all the geo-
graphical areas. P/PR2-10 is directly proportional to P/EIR in
areas of high malaria transmission (25-28). Because the transmis-
sion efficiency of infectious mosquito inoculations, i.e., leading
to blood-stage infection (with or without symptoms), is not 100%,
we used a modeled estimate of a per bite transmission probability
0f 10% from the literature (27, 28) to estimate P falciparum infec-
tion incidence given PfEIR. This algorithm, shown in ST Appendix,
Fig. S1, allowed us to estimate the expected number of cumulative
P falciparum infections for a child given their age, geographic
location, and calendar-year risk and used this cohort and location
P falciparum infection metric to test the association of P falci-
parum with eBL risk.

Results

Population at Risk, P. falciparum Infections, and eBL Cases. The
EMBLEM study areas and underlying population at risk are
represented in S Appendix, Fig. S2. We estimated the total person-
time of children 0 to 15 y old (yo) observed from November
2010 to September 2016 was 59,793,102 person-years, including
29% from Kenya, 48% from Tanzania, and 23% from Uganda.
SI Appendix, Fig. S3 shows the distribution of person-time, which
included only Ugandan children under observation 2010 to 2011
and children from the three countries 2012 to 2016. The median
age of children during the study period (2010 to 2016) was 8 yo
in Kenya and Tanzania and 7 yo in Uganda, with a male:female
ratio slightly greater than 1 in all countries.

e model estimated the number of annual P falciparum infec-
tions per child by calendar year in the study areas 2000 to 2016
is shown in ST Appendix, Fig. S4, Upper panels. The graphs show
that 2 falciparum infections were higher in Uganda than in Kenya
and Tanzania for all periods. P, falciparum infections had an overall
decrease over calendar years of observation in all regions, albeit
with some fluctuation in the trends. Infections in Uganda
decreased from 41 infections per child in 2000 to 5 in 2013 and
then increased to 24 in 2016, about half the burden in 2000.
Infections in Kenya decreased from 21 per child per year in 2000
to 3 in 2005, where they remained at a plateau (-1.5) until 2013,
followed by a slight upsurge to 7 in 2016. Infections in Tanzania
declined from 8 to 1 between 2000 and 2016, without an upsurge.
The long-term declines in annual 2 falciparum infections per child
coincide with the implementation of area-wide Government- and
donor-supported malaria prevention programs in these countries
(29, 30), and the upsurges noted in Uganda and Kenya coincide
with the interruption of these programs, which led to a resurgence
of infections noted in the data (29).

Fig. 1 shows the estimated cumulative number of P falciparum
infections for birth cohorts (0 to 15 y) during the three selected
calendar years 2012, 2014, and 2016 for Uganda, Tanzania, and
Kenya to illustrate the age-related increase in the number of infec-
tions seen typically in areas of holoendemic malaria (31, 32).
Cumulative P falciparum infection increases steeply with age in
all countries and all calendar years.

However, the increase was steepest in Uganda, consistent with
the higher annual rate of infections noted above (S Appendix, Fig.
S4A4), and lower and comparable in Kenya and Tanzania. For
example, the cumulative number of infections at ages 1, 5, and
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12y in 2012 was 16, 99, and 260 for Uganda; 3, 18, and 101 for
Kenya and 3, 15, and 52 for Tanzania. Consistent with the declin-
ing incidence of annual infections described above (ST Appendix,
Fig. S4, Upper), the cohort-based analysis shows that the cumu-
lative P falciparum infections in children older than 10 y were
lower in each subsequent year for children of the same age (Fig. 1).
For example, the cumulative infections by age 12 in Uganda
decreased from 260 in 2012 to 196 in 2016, with the correspond-
ing estimates for Kenya being 101 and 33 and for Tanzania being
52 and 42 for 2012 and 2016, respectively.

Of the 862 suspected eBL cases enrolled, 165 were excluded
after pathology and clinical review, 46 were excluded because they
were born prior to 2000 and would not have P/PR2-10 MAP data,
and 129 were excluded because they lacked complete geographic
(n = 118) or demographic data (# = 11). Our analysis is based on
a sample of 552 eBL cases with complete data required for inclu-
sion in the spatial analysis (§/ Appendix, Fig. S5), with 267 cases
from Uganda, 102 from Tanzania, and 183 from Kenya. The mean
age of included cases was 8.3 y (SD: +3.7), with 63% of cases
being male. There were no age and sex differences between the
excluded and included cases.

Opverall, the average eBL annual incidence for the three countries
combined was 9.4 cases per million person-years (Table 1). eBL
incidence was 1.7 times higher in males than females (95% CI: 1.5
to 2.1) and incidence in Uganda was 1.8 times that of Kenya (95%
CI: 1.5 to 2.3) and 5.3 times that of Tanzania (95% CI: 3.9 to 7.3).
There was district-level variation of incidence within the countries
(Fig. 2). SI Appendix, Fig. S4 (Lower) shows the eBL incidence in
the three countries, suggesting a slight increase in eBL incidence
during the first 1 to 2 y at the beginning of the EMBLEM study in
each country, followed by a downtrend in all countries (Table 1).
Overall, eBL incidence declined by about 9.6% (95% CI: 3.2 to

16.5%), but the estimate is imprecise.

Spatial Clustering of eBL and Cumulative P. falciparum Infection.
Fig. 2 shows the spatial patterns of the average annual P falciparum
infections and eBL incidence for 49 districts in the study
area. The annual P falciparum infections and the average eBL
incidence are strongly correlated, with a Spearman correlation
coefficient of 0.58 (95% CI: 0.34 to 0.7). Univariate Moran’s local
indicators of spatial autocorrelation (LISA) analyses suggest spatial
clustering of both total eBL incidence and cumulative estimated
P falciparum incidence over the study period. The significant
univariate LISA values for both eBL incidence and cumulative
estimated P, falciparum incidence, calculated by calendar year, were
then summed over the observation period (2010 to 2016) and
demonstrated strong clustering patterns of both metrics; however,
the spatial overlap between clusters of cumulative P falciparum
incidence and eBL incidence was imperfect (S Appendix, Fig. S6).

Bivariate Moran’s / LISA values for average cumulative P falci-
parum and average eBL incidences showed 4 clusters with signif-
icant concordant (high-high or low-low) values and 3 with
significant discordant values (high—low) (SI Appendix, Fig. S7).
However, bivariate Moran’s 7 LISA calculated by year for annual
cumulative P falciparum incidence and eBL incidence only showed
discordant pairs, with 7 discordant bivariate Moran’s / LISA values
and 0 concordant values.

Association between Lifetime Malaria Exposure and eBL.
We used a negative binomial regression model to explore the
relationship between estimated lifetime P falciparum incidence
and annual risk of eBL. The model converged, with the R of
all coefficients less than 1.1. The incidence rate ratio (IRR) of
eBL increased by 39% (95% CI: 6.1 to 81.0%) for every 100
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Cumulative estimated P. falciparum infections by age, country, and year. Box-and-whisker plots show the distribution of the cumulative number of

expected P. falciparum malaria infections per year, for three example years, by age and country. Children born prior to 2000 were excluded from this analysis,
which explains the absence of data for children 13 and over in 2012. The horizontal line of each box represents the median for each age, while the lower and
upper bounds of the box represent the 25th and 75th percentiles, respectively. Vertical lines of each box represent the values from half of the 25th percentile
to 1.5 times the 75th percentile, and dots outside this line show outlier values. The number of estimated infections varies both by geography and time. In 2012,
the average 10 y-old had 61, 40, and 201 infections in Kenya, Tanzania, and Uganda, respectively. This changed to 33, 32, and 176 infections in 2014 and 36, 25,

and 162 infections in 2016 in Kenya, Tanzania, and Uganda, respectively.

additional cumulative P falciparum infections, as illustrated in
Fig. 3A. In 8] Appendix, Fig. S8, we present a sample of age-specific
risks to illustrate how these risks vary with age. The probability of
successful P falciparum infection varies with age as a function of
exposure to infectious mosquitoes and acquired immunity to 2
Jalciparum, which increases with age. Thus, comparing the IRR to
that of a 10 yo with 100 cumulative 2 falciparum infections, we see
that the IRR for eBL was not significantly above unity before age
5 and after age 11, regardless of cumulative P falciparum burden

PNAS 2023 Vol.120 No.2 e2211055120

but was significantly elevated between age 5 and 11 y. In Fig. 3B,
we repeated the IRR analysis assuming a range of plausible fixed
annual in 2 falciparum infection(s) for each year of life (assumed
to occur at the midpoint of the year, for birth cohorts 0 to 15 y).
Compared to a child who accumulated 6 infections by age 5 (the
lightest infection plausible in our study area), we found that eBL
risk rises significantly above unity for ages 5 to 11 y for 10 and 20
annual infections, and that the risk in that fixed age group is higher
for 20 infections than 10 infections. Alternative models, using
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Table 1.

Descriptive statistics of eBL incidence per million in Kenya, Tanzania, and Uganda from 2010 to 2016

Kenya Tanzania Uganda Total
N 183 102 267 552
Incidence per million 10.63 3.51 19.82 9.23 P <0.01
person-years
Sex
Male 14.74 (127) 4.18 (61) 23.85(163) 11.69 (351)
Female 6.51 (56) 2.82 (41) 15.66 (104) 6.76 (201) P<0.01
Age
0-4 4.46 (24) 1.56 (14) 5.87(23) 3.34(61)
5-9 12.77 (93) 4.85(57) 24.29 (146) 11.82 (296)
10-15 14.48 (66) 3.71(31) 27.65 (98) 11.84 (195) P<0.01
Year
2010 85.84 (4) 85.84 (4)
2011 19.85 (37) 19.85 (37)
2012 11.62 (16) 5.28 (14) 16.90 (35) 10.66 (65)
2013 15.32(61) 3.45 (24) 28.45 (66) 11.39(151)
2014 12.65 (55) 4.22 (32) 15.85 (41) 8.82(128)
2015 7.57 (36) 2.92 (24) 17.65 (51) 6.99 (111)
2016 5.44 (15) 2.17 (8) 19.45 (33) 6.87 (56) P<0.01
Median Annual No. 2.12(4.13) 1.35(0.75) 7.34(11.20) 2.72 (8.35) P<0.01

Malaria Infections
(standard deviation)

Incidence is calculated per million with the number of cases in parenthesis. P values were computed using one- and two-way ANOVA.

annual estimated number of 2 falciparum infections with different
lag periods (0 to 10 y) before eBL onset, which are more similar
to previous research (5, 9, 33) were less informative. Models
considering prior P falciparum incidences for different lag periods
individually showed marginally decreased eBL risk for models with
0- and 1-y lag periods included, while those with 9- and 10-y
lag periods were associated with elevated eBL risk (S7 Appendix,
Fig. S9). These findings may demonstrate that a single years
measure of P falciparum is inadequate to represent the lifetime
P falciparum burden, leading to nondifferential misclassification
of the exposure and biasing results toward the null. This suggests
that an individual’s cumulative or lifetime P falciparum exposure,
rather than a cross-sectional metric of annual infection burden, is
the more relevant predictor of eBL incidence. Finally, compared
to models with any or all lag periods, the model employing a
cumulative metric of P falciparum exposure explained more of
the spatial variation in eBL incidence, as evidenced by smaller
magnitude and lower variation of EA-level random intercepts.

Discussion

Our results indicate a strong positive relationship between the
cumulative number of 2 falciparum infections and risk of devel-
oping eBL in children in Uganda, Tanzania, and Kenya. Also, the
eBL risk was higher with a higher infection burden in children of
a fixed age group (Fig. 3B). Importantly, the risk peaked and was
significant between 5 and 11 y of age, providing insights into
epidemiological patterns of eBL that have hitherto been difficult
to explain. First, eBL is rare in children < 3 y of age, although this
is the age when children are most susceptible to malaria. Our
results suggest that unlike malaria, whose symptomatology is
related to uncontrolled proliferation of parasites resulting in
high-density infections in young children who are nonimmune,
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eBL appears to be related to repeated exposure to parasites result-
ing from hundreds of unique infection episodes, which are unlikely
to be attained by children before age 3 y (34, 35).

Second, it is known that the age mode for ¢eBL is 6 to 8 y. Our
finding that malaria-related risk for eBL peaks between 5 and 11
y and decreases thereafter (an inverted U-shaped relationship
between age and eBL risk) provides a rational explanation to link
cumulative exposure of P falciparum infections to the age mode
of eBL. We hypothesize that naturally acquired immunity to
malaria is both a risk factor (i.e., increases the overall survival from
malaria whereby more patients would be alive and at risk of eBL)
and a protective factor in older children, perhaps by decreasing
the risk of successful infection given inoculation (36, 37).
However, other developmental or environmental mechanisms may
also explain this inverted U-shaped relationship.

Odur analysis has several strengths that distinguish it from earlier
investigations of the link between malaria and eBL. First, we used
fine-scale, high-quality, large-area malariometric data available
through the MAP (23) and EMBLEM’s granular eBL data from
the same regions (20) to perform a larger, in-depth comprehensive
longitudinal assessment of the relationship between P falciparum
exposure and eBL than has been possible to-date. We derived
multiple metrics of P falciparum infection (annual, lifetime, lagged
infections) using computational methods, the established relation-
ships between MAP estimates of PPR2-10 and P/EIR, and
assumptions about transmission efficiency (27, 28). Previous stud-
ies have been small, measured eBL on a coarse temporal and spatial
scale (8, 9), modeled eBL incidence without explicitly modeling
P, falciparum incidence (8, 18, 38), or used nonconcurrent large-
area geographical data of malaria intensity (9). Although other
studies have investigated the etiological link between P falciparum
and eBL using antibody markers of P, falciparum infections [such
as IgG antibodies (4, 33)], those studies provide no insights into
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Fig. 2. Spatial distribution of cumulative annual P. falciparum infection and annual eBL incidence. On the left is the average annual estimated number of
cumulative P. falciparum infections from 2000 to 2016 by country and district for the areas included in the EMBLEM study. Darker colors indicate higher estimated
number of cumulative infections, indicating greater average P. falciparum infection pressure. On the right is the total eBL incidence by country and district for
the areas included in the EMBLEM study. Data are from 2010 through September 2016 in Uganda and 2012 through September 2016 in Kenya and Tanzania.
Darker colors indicate higher total eBL incidence. In the center are the study regions colored by country, and Lake Victoria is colored blue. Average annual
cumulative P. falciparum infections and the average eBL incidence are strongly correlated, with a Spearman correlation coefficient of 0.58 (95% ClI: 0.34 to 0.70).

lifecime versus cross-sectional malaria exposure, spatial, temporal,
and age-specific patterns of the cumulative number of P falci-
parum infections. These metrics derived through our computa-
tional and integrative approach allowed for greater insight into
the historical burden of infection.

Using these derived metrics of P falciparum infections, param-
eterized as either the annual infections per child per year; or the
sum of infections per child of a given age, location, and calendar
year; or lagged cross-sectional infections, we found a strong rela-
tionship between eBL and the cumulative number of infections,
which peaked between 5 and 11 y of age. Overall, children who
attain roughly 100 or more infections experience an elevated risk
for eBL; however, few children below 5 y attain this considerable
number of infections. Conversely, eBL risk decreases below signif-
icance despite the continuing accumulation of infections. Since
repeated P falciparum infection elicits naturally acquired immu-
nity, we hypothesize that eBL risk initially increases as the number
of infections increases, perhaps in proportion with genetically
complex P falciparum infections. However, these infections elicit
naturally acquired immunity (36), which ultimately depresses
successful infections and eBL risk in older children.

The ubiquity of malaria in endemic regions, the relative rarity
of eBL, and the longtime it takes to develop eBL make it chal-
lenging to establish an etiological relationship between P falci-
parum exposure and eBL using cohort studies. Thus, prior studies
have relied on cross-sectional designs to show associations between
serological indicators of P falciparum infection, such as IgG anti-
body titers (39); however, such results may not reflect antibody
changes that occur before but those that occur after disease onset
(40). While our bivariate Moran’s / analysis noted clustering of
eBL and cumulative P falciparum incidence, it did not consider
confounding factors such as underlying age and sex distributions
and may therefore miss important associations.

Nonetheless, this analysis demonstrates the importance of time
scale when assessing the relationship between cumulative P falci-
parum infections and eBL incidence. Our analyses that used only
annual estimates of P falciparum incidence further show the
importance of total lifetime burden rather than recent time scale
exposures, by replicating the ambiguous results of previous studies
based on similar measures. While P falciparum incidence from 9
and 10 years prior was associated with increased eBL risk, these

PNAS 2023 Vol.120 No.2 e2211055120

results are difficult to interpret causally because eBL incidence
peaks in ages too young to have exposures from 9 and 10 y ago.
Our results add to previous findings (4) by clearly illustrating how
cumulative, lifetime P falciparum exposure can explain spatial
variation in the geographic, temporal, and age-specific patterns of
eBL incidence in SSA.

Our investigation also provides mechanistic insights into the
epidemiology of eBL and malaria as a putative risk factor (8, 9).
The model using only the prior year’s P, falciparum burden attrib-
uted much of the variation in eBL to district- and country-level
effects, which provides no mechanistic insight. Using the cumu-
lative metric of 2 falciparum, the district- and country-level effects
become much smaller, and the cumulative infections variable has
a stronger relationship with variation in eBL incidence. Finally,
our analysis suggests that the apparent “dose-response” relation-
ship between P falciparum exposure and eBL risk suggested by
our analysis may also shed light on within-host processes leading
to the development of eBL. Specifically, the high cumulative num-
ber of P falciparum infections implies that robust naturally
acquired immunity is developed before eBL and contributes to
overall survival from malaria.

However, survival is gained at a cost of increased exposure to
low-grade infections, which likely trigger abnormalities that ini-
tiate eBL onset (39). The chromosomal translocations involving
MYC, believed to be early or initiating events in eBL pathogenesis,
have been documented to increase with Plasmodium chabaudi
infection in mouse studies (6) and may also occur in humans
exposed to high cumulative number of P falciparum infections.

Our results rest on several assumptions. First, we assume that
most BL cases in the study area presented to a hospital at some
point during their illness and that when they did, they were
referred to the study hospitals as stressed in study BL health mes-
sages (41). We acknowledge that some eBL cases could have been
treated in nonmedical settings, could have presented late and
declined referral, or died before referral or diagnosis, which would
result in incomplete ascertainment of cases. The EMBLEM study
implemented community-wide public-awareness campaigns to
reduce missing cases. Our finding that eBL case incidence
increased during the 1 to 2 y after introducing the study suggests
that health communication about eBL may have been effective,
and to the extent it was successful, it likely reduced biased
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eBL IRR

Estimated number of lifetime P. falciparum infections

B

1 Annual Infection

10 Annual Infections

20 Annual Infections

Incidence Rate Ratio

Reference is a 5 yo with 6 P. falciparum Infections

Fig.3. Riskof eBL by age and cumulative P. falciparum incidence. Panel A shows the IRR of eBL at all observed levels of estimated lifetime cumulative P. falciparum
infections compared to 50 estimated lifetime P. falciparum infections (where the red dotted line crosses the slope), which is approximately the average number
of estimated infections of the study population. The risk of eBL increases 39% for every 100 P. falciparum infections, with 150 estimated lifetime infections
corresponding to an IRR of 1.39 when compared to an individual with 50 estimated lifetime malaria infections, holding all other characteristics the same. yo,
year-old. In panel B, each plot shows the IRR of eBL for different age groups as the estimated number of lifetime P. falciparum infections increases. In each panel
of the figure, solid lines indicate the IRR for eBL associated with both age and increasing exposure to P. falciparum infection. In panel 1, for every 1-y increase
in age, cumulative P. falciparum exposure increases by 1 infection. Panels 2 and 3 demonstrate the increase in risk when infections increase to 10 and 20 per
each year of life. IRRs in each panel are presented relative to 6 cumulative infections at age 5, or how many infections a child would have at the midpoint of age
5, assuming one infection per year, to allow comparison of both age- and exposure-specific differences in eBL risk.

ascertainment that was present before area-wide awareness about
eBL was introduced in the study area (42). While it is theoretically
possible that we missed cases that were directly referred to ter-
tiary-level care centers, which are located far away in the capital
cities, previous reports indicated that most cases in the remote
areas where the study was conducted were treated at local hospitals
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rather than at tertiary hospitals (4, 42). While it is impossible to
describe cases not captured by these efforts, they likely lived fur-
ther from hospitals where less resources also lead to greater malaria
burden, which should contribute to an under-estimate of the
strength of association between P falciparum infection pressure
and eBL incidence (39, 43).
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We also note potential limitations of using P/PR2-10 data from
MAP to estimate malaria burden in children 0 to 15 yo. Although
modeled from multiple sources of malariometric data accounting
for each methodology’s sensitivity (23), our assumptions that all
children in a given district are exposed to a stable malaria exposure
risk for the entire year and that children reside in the same area
for the year are necessary simplifications. These assumptions are
reasonable because census data showed little change in overall
district-level populations by age and sex during the 7-y study
period; unobserved migration patterns between districts with dif-
ferent malaria infection pressures could bias our results. Another
simplifying assumption is that each inoculation is in association
with a transmission probability of 10%, which also assumes an
average mosquito sporozoite load greater than 1,000. These
assumptions are reasonable based on available field data (27, 28).
Future studies utilizing residential history data incorporating
mobility as well as actual sampling of mosquitoes in the field are
promising areas of research to refine dimensions of variation in 2
falciparum exposure discussed above.

Because it is not possible to measure the true number of asymp-
tomatic P falciparum infections a child will have before eBL, our
analysis used the correlation between P/EIR and PPR2-10 to
estimate the sporozoite inoculation rate of children in the study
population (25) and assumed a transmission efficiency of 10%,
i.e., 10% of the inoculations lead to blood-stage infection (44,
45). The direct proportionality to the cumulative P falciparum
incidence means that assuming a different rate would not change
the direction or shape of the relationship between cumulative P
Jalciparum incidence and eBL. We note that our analysis is unable
to account the for interaction between P falciparum infection with
EBYV, which is another risk factor for eBL (13). However, EBV
infection is ubiquitous and is established during the first year of
life among children in our study area (46).

To conclude, using high-resolution long-term serial malaria expo-
sure data and granular eBL case data from well-defined geographic
regions in Kenya, Tanzania, and Uganda, we showed geographic,
temporal, and age-related associations between lifetime exposure to
P falciparum and eBL risk. Various analyses provided evidence that
a greater P falciparum burden increases eBL risk and justifies efforts
to emphasize the link between malaria and eBL in public health
messages. In view of the expanding interest in malaria control and
elimination, these findings suggest that aspirations to reduce eBL
mortality and eliminating life to eBL could be enhanced by linking
eBL to antimalaria interventions. Because eBL occurs in countries
currently designated as high-burden [for example Uganda ranks
among the top 5 countries ranked by malaria cases and deaths (47)],
high-impact areas for malaria intervention, additional reduction in
risk for eBL could be emphasized as part of the cost-benefit analysis
of malaria prevention and treatment campaigns in countries with
holoendemic malaria and high eBL burden.

Materials and Methods

Study Population. The study population comprised children aged 0 to 15y
residing in six regions covered by the EMBLEM study in six regions of north-
western Kenya, northeastern Tanzania, and northern Uganda (S/ Appendix,
Fig. S2) (20). The two regions in Uganda were transected by the Nile River but
otherwise contiguous, as were the four regions in Kenya and Tanzania, which
bordered Lake Victoria in both countries (SI Appendix, Fig. S2). These regions
were targeted because they have high malaria incidence, which was confirmed
through age-weighted prevalence of asymptomatic P falciparum infection (40 to
55%) (39, 48-50) and because previous studies indicated a high eBLincidence
in the population (20). The eBL cases analyzed in this study were ascertained in
the EMBLEM study. Because case ascertainment started at different times of the
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calendar year in different areas (S/ Appendix, Fig. S3), we calculated the amount
of person-time at risk as the person time per fraction of each year during which
case ascertainment was active in that region.

The population of children at risk of eBLat each census enumeration area (EA)
was estimated using data obtained (by SMM for the EMBLEM study) from each
country's statistical bureau and interpolated at NCI, using district or regional
average population growth rates as previously described (39, 48, 49). The EAs are
referred to as a Parish in Uganda, a Ward in Tanzania, and Sub-location in Kenya,
are comprised of an average of about 6 villages, and are nested hierarchically
within the next-level administrative areas. Kenya and Uganda provided total and
sex-specific population counts for each EA in 5-y age groupings (0to 4, 5to 9,
10to 14, etc.) for the year of their national census (2009 in Kenya and 2002 and
2014in Uganda). In addition, the bureaus also provided intercensal population
projections for 10 y and the average population growth rates by district or region
used to generate those projections. Single-year population counts for the whole
country were also provided. The count of 15-y-olds was obtained by applying
the national proportion of children aged 15y in the 15 to 19-y age group to the
count in the 15 to 19-y age group for each EA. The distribution of the national
population in single-year age groups was applied to split the population at
risk in a single year by age and sex. In Tanzania, the national statistical bureau
provided population count data by age in single-year age groups as well as
5-y age groups by sex for each ward in the district. The Tanzanian bureau also
provided population projections over a ten-year period or population growth
rate for each district or region, which were used for additional interpolation in
our study. These data were cross-checked at NCI and interpolated to estimate
the number of children aged 0 to 15y in the study area. For Uganda where data
were obtained for 2002 and 2014 censuses, interpolation from 2002 census
data through 2014 produced reasonable population estimates to the counts in
the 2014 census (49).

The average population under observation per yearwas 8,541,872 (3,443,563
in Kenya; 5,820,176 in Tanzania; and 1,924,915 in Uganda), yielding a total
population of 59,793,102 person-years that were contributed by children 0to 15
yold(17,217,816in Kenya; 29,100,881 in Tanzania; and 13,474,404 in Uganda)
distributed spatially as shown in S Appendix, Fig. S2 and temporally as shown
in SI Appendix, Fig. S3A. Population data were aggregated to the district level
(i.e., one administrative level below the region), which was used as the unit for
spatial analysis to achieve better statistical stability.

P. falciparum Exposure. We estimated the population exposure to P falciparum
using high-resolution age-standardized estimates of PfPR2-10 from MAP (23),
which is designated as a World Health Organization (WHO) Collaborating Centre
in Geospatial Disease Modeling. Their data are the most reliable estimates of
malaria burden (23, 50) and are used to inform malaria control and elimination
efforts. The metric PIPR2-10 is the estimated proportion of the population of
children aged 2 to 10y carrying blood-stage P. falciparum parasites and is con-
sidereda reliable index of transmission intensity (51).

_ 130119
PR, . (1, 1) = PfEIR (x0,1t19 1) 212 [
(PIEIR (x, t=1)"""" + exp (0.523)

Eq. 1 relates the PfPR2-10 of district x in year t to the PfEIR of district x in year t—1
(1'y prior to t). The parameters are specific to children and the formula has been
modified to estimate annual PfEIR instead of monthly.

Y, ~ Negative Binomial(2;;, @), [2]

E[Y,j] = ﬂ-i,j,

li,}‘ + Ai,jz
VarfY;;] = )
’ (4

log(4;;) = By + pXi;+ loglpopulation;;) + u;.

Eq. 2 represents the number of eBL cases, for the ith observation of the jth district
as a function of /3, a vector of estimated coefficients, and X, a vector of the covar-
iates age, sex, country, year. The random effect, y1;, allows the estimated count of
eBL cases to be systematically higher or lower in some districts.
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We selected the PfPR in children because it is correlated with the PfEIR, which
represents the number of infectious mosquito bites per person in a defined period
(24).PPR2-101is traditionally used to group malaria transmission into hypoendemic
(<10%), mesoendemic (10 to 50%), and hyperendemic (50 to 75%) categories.
Holoendemic malaria, representing the most intense transmission, is defined as
PfPR >75%in children aged 0 to 12 mo. This metric PPR2-10 is a relevant predictor
for eBL because it covers the age range when exposure to P, falciparum is thought
to modulate eBL risk and it is amenable to mathematical or statistical modeling
(57).The MAP has estimated the annual values based on multiple country-specific
surveillance datasets (23). We note that PPR2-10 does not cover the complete age
range of the population we considered at-risk for eBL, i.e., 0 to 15y, because it is
designed to perform optimally as a reliable indicator of the force of infection in the
community (24). It excludes children older than 10y in whom acquired immunity
is reasonably well established and acts a counterforce to reduce the probability of
successful infection. We extracted estimated PPR2-10 for the period 2000 through
2017 at 5 km x 5 km resolution for the areas targeted by the EMBLEM study. For
ouranalysis, PfPR2-10 was aggregated at the district level by calculating a weighted
PfPR2-10 average based on the proportion of the district occupied by each 25 sq. km.
data unit. We utilized the known relationship between PPR2-10 and PfEIR (25) to
calculate the annual PEIR using a previously defined logit-linear relationship modi-
fied to provide annual PfEIR estimates (Eq. 1, S/ Appendlix, Fig. S1).Then, assuming a
transmission probability (i.e., mosquito-inoculated sporozoites lead to a blood-stage
infection, which is considered the relevant exposure) of 10% (27, 28), we calculated
a credible average annual number of incident infections per person, by age, year,
and region. This estimate is used to examine the trends in estimated P, falciparum
incidence by year and country (S Appendix, Fig. S4) and its association with eBL.

To investigate whether endemicity of P, falciparum was correlated with eBLin
time and space, we created a variable to capture the cumulative number of P, fal-
ciparum infections a child in a particular area acquires by summing the estimated
infections for each annual birth cohort within each district. Because high-resolution
PfPR2-10 data have only been available from 2000 onward, this variable could not
be estimated for children born before 1999 in Uganda or before 2001 in Kenyaand
Tanzania, so these birth cohorts are excluded from our analysis. Thus, eBLoutcomes
were considered only for those birth cohorts whose cumulative infections over their
entire lifespan could be estimated. For a child who developed eBL, the cumulative
number of estimated P. falciparum infections at the age of diagnosis was consid-
ered their exposure, whereas for children who did not develop eBL, their number
of estimated infections continued to increase up to a maximum determined by
their age. The 552 children diagnosed with eBL are not removed from the at-risk
population because their person-time was considered negligible relative to the
population denominators. We note that although the number of cumulative P
falciparum infections increases with age, this increase does not result in increased
malaria-related morbidity or mortality because children generally develop premu-
nition (anti-disease and anti-parasite immunity), which reduces the risk for malaria
and ultimately causes the PPR2-10 to plateau and decrease (52-54).

eBL Case Data. \We used eBL case data prospectively ascertained by the EMBLEM
study from the defined study areas from 2010 through 2016 (20) as the outcome
data. Cases of eBLwere confirmed by histology or cytology (61%) whenever pos-
sible (20) and, when not possible, by consistent clinical features, imaging, and
laboratory results that support the presumptive diagnosis of a typical eBL case.
The study enrollment started in Uganda in November 2010, was introduced in
July 2012 in Kenya and Tanzania, and continued through September 2016 in all
three countries (S/ Appendix, Fig. S3). The EMBLEM study implemented regular
public awareness campaigns to sensitize the community about eBLand encour-
age referral of suspected cases to collaborating hospitals with the capacity to
diagnose and treat eBLin the six regions. The study facilitated the diagnosis and
treatment of patients referred to the hospitals. Information on which cases were
included in the analysis can be found in S/ Appendix, Fig. S5.The EMBLEM study
collected detailed information on the cases in this analysis, including geographic
origin (20). Demographic characteristics of cases were compared across countries
using ANOVA. Overall eBLincidence, expressed as cases per million per country,
was calculated as the age-specific number of cases identified in that country
divided by the total-age-specific person-time at risk in that country (see Study
Population). The time trends in eBLincidence over the study period were exam-
ined to determine its correlation with P, falciparum incidence and the impact of
awareness campaigns (S/ Appendix, Fig. S4).
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Research Ethics. Written informed consent was obtained from guardians of
all study participants and assent from children >7 y old. Ethical approval for
EMBLEM research was granted by Uganda Virus Research Institute (GC/127),
Uganda National Council for Science and Technology (H816), Tanzania National
Institute for Medical Research (NIMR/HQ/R.8¢/Vol. 1X/1023), Moi University/Moi
Teaching and Referral Hospital (000536), and National Cancer Institute (10-C-
N133)and did not completely overlap spatially.

Spatiotemporal Clustering of eBL and P. falciparum Incidence. District-level
eBL incidence was calculated as the age-specific number of cases identified in
that country divided by the total age-specific person-time at risk in that country
(see Study Population). Overall eBLincidence in each district was calculated as the
number of cases per million children in each age and sex category, per year, and
per district and was expressed as cases per million children. Within each 5-y age
group, we made the simplifying assumption that every year of age represented
an equal share of the population. We investigated trends in eBLand cumulative
estimated P. falciparum incidence by first producing maps of the spatiotemporal
distribution of both conditions, averaged over the study period, and calculated
the Spearman correlation coefficient between average eBL incidence and aver-
age cumulative P falciparum infections across all 49 districts. Next, we identified
patterns of spatial clustering of cumulative estimated P, falciparum incidence and
of eBLincidence using Moran's Local Indicator of Spatial Autocorrelation (LISA)
statistics (55), which identified spatial clusters of high or low values within each
calendaryear. We aggregated the number of times each district had significantly
higher or lower values than its surrounding districts. This analysis was repeated
with aggregated eBLincidence and cumulative P, falciparum incidence over the
entire study period. We then employed a bivariate Moran's / statistical test to
describe the relationship between the eBLincidence of a districtand the cumula-
tive estimated P. falciparum incidence in the same and surrounding districts (56)
within each calendar year and aggregated over the study period. In the annual
analysis, the number of concordant and discordant bivariate Moran's | values per
district was summarized over all the years of the study. All LISA statistical analyses
were performed separately for each spatially contiguous region.

Spatial Regression Analysis of eBL Risk. We used our spatial estimates of
age-specific lifetime P falciparum infections to model the rate of eBL diagnosis by
age and sex, in a given country and district, during a given year, conditional on no
prior eBLdiagnosis. Because eBLis rare, and the incidence rate is highly variable
across locations, a negative binomial regression was used (Eq. 2, SI Appendix,
Fig. S1, see p. 37) to account for possible overdispersion. A random intercept
was included for each district because there are repeated measurements of
each spatial unit over multiple years. Fixed effects were also included for the
relationship between age, sex, country, and calendar year. To ensure that our
cumulative-exposure metric was preferable to a cross-sectional measurement of
malaria exposure, we compared the performance of this model to those using
cross-sectional annual exposures by age and location. Results from this analysis
are described in the Appendix. All models were fitted using the "brms" package
for Bayesian hierarchical regression modeling for R 4.0.0, using default priors
for both regression and variance parameters (57, 58). Code for the analysis can
be found at https://github.com/broenk/eBL. Malariometric data are available
through the MAP, and data on eBL cases can be obtained on request from SMM.

Data, Materials, and Software Availability. All Rode has been deposited in
Github (https://github.com/broenk/eBL). Some study data available (data on eBL
cases are considered protected health information and cannot be made publicly
available. Investigators may request controlled access to the data. All code used
for analysis and malaria data are publicly available and will be shared via a Github
repository). All malaria data is available through the Malaria Atlas Project (https:/
malariaatlas.org/).
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