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Abstract. In northwestern Kenya, Turkana County has been historically considered unsuitable for stable malaria trans-
missionbecauseof itsunfavorableclimateandpredominantly semi-nomadicpopulation;consequently, it isoverlookeddur-
ingmalaria control planning. However, the area is changing, with substantial development, an upsurge in travel associated
with resourceextraction, andmorepopulated settlements forming. Recently, numerousmalaria outbreaks have highlighted
theneed to characterizemalaria transmission and its associated risk factors in the region to informcontrol strategies. Reac-
tive case detection of confirmed malaria cases at six health facilities across central Turkana was conducted from 2018 to
2019. Infections in household members of index cases were detected by malaria rapid diagnostic tests (RDTs) and PCR
tests, and they were grouped according household and individual characteristics. The relationships between putative
risk factors and infection were quantified by multilevel logistic regression models. Of the 3,189 household members ana-
lyzed, 33.6% had positive RDT results and/or PCR test results. RDT-detected infections were more prevalent in children;
however, PCR-detected infections were similarly prevalent across age groups. Recent travel was rarely reported and not
significantly associated with infection. Bed net coverage was low and net crowding was associated with increased risks
of household infections. Infectionswerepresent year-round,andfluctuations inprevalencewerenot associatedwith rainfall.
These findings indicate year-round, endemic transmission with moderate population immunity. This is in stark contrast to
recent estimates in this area.Therefore, further investigations todesigneffective interventionapproaches toaddressmalaria
in this rapidly changing region and other similar settings across the Horn of Africa are warranted.

INTRODUCTION

Large swaths of sub-Saharan Africa are undergoing dra-
matic demographic transitions that include changing land
use and human settlement patterns, particularly in the semi-
arid and arid areas. These transitions coincide with unprece-
dented human circulation and decreased isolation of these
communities, which are factors known to impact malaria
transmission.1 It is critical tocharacterizemalaria transmission
during these changes to ensure that appropriate control strat-
egies are in place and that malaria does not go unchecked in
areas once considered unsuitable for transmission.
One area undergoing such transitions with limited charac-

terization of malaria is Turkana, Kenya. This northwestern
Kenyan county has a harsh, semi-arid climatewith little rainfall
(,215mmannually) and temperaturesashighas40�C/104�F,
thus renderingmost of the region unsuitable for agriculture. 2,3

The region is sparsely populated by nomadic and semi-
nomadicpastoralists; thereare fewer than1.5million residents
across more than 77,000 km2.4,5 Rainfall is erratic, with brief,
violent storms and high surface runoff possibly creating tran-
sient mosquito breeding habitats.6 Few studies have charac-
terized the burden of malaria in this region and largely purport
limited to no transmission.7,8 Consequently, this area has
been considered unsuitable for malaria transmission and his-
torically overlooked when planning malaria interventions.9

Recently, this assumption has been challenged by several
serious outbreaks.10,11 The drivers of these outbreaks are
unknown, but they may be attributable to regional develop-
ment for electric power, oil exploration, and water extrac-
tion.12–15 The ensuing increase in travel and infrastructure
development, establishment of more densely populated set-
tlements, and increase in the presence of surface water may
havecollectively enhanced thesuitability for sustainedmalaria
transmission. Toguidemalaria control efforts in the region, the
malaria burden and its associated risk factor need to be
quantified.
We hypothesized that Turkana currently supports low levels

of endemic malaria transmission, which have been shown to
be associated with higher levels of low-density infections.16

These low-density infections are often missed by microscopy
or rapiddiagnostic tests (RDTs); because the limited studiesof
malaria in Turkana largely used microscopy, this could be the
reasonwhy relatively low levels of malaria have been reported
to date.9 This was the case in Sudan, where PCR tests
revealed that a substantial proportion of submicroscopic
cases was present year-round in an area that had been
deemed unstable for malaria transmission based on micros-
copy detectionmethods.17 Low-density infections andTurka-
na’s recent changes creating a more suitable setting for
mosquitoes tobreedandmalaria tospreadcouldbeunderpin-
ning the increase in recent outbreaks.
Based on the conservative assumption that few cases

would be detected in Turkana, we established a reactive
case detection of patients with malaria cases presenting to
health facilities across central Turkana and their household
members.Weenrolled both urban and semi-nomadic popula-
tions for whom changing demographics, more permanent
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settlements, and land use patternsmay affect the likelihood of
malaria transmission.18,19Ourprimaryaimwas tocharacterize
the infections and risk factors associatedwithmalaria cases in
households of confirmed cases. Our secondary objectivewas
to assess the utility of different tests (e.g., RDTs or PCR test)
for detecting cases in this setting. Ultimately, these findings
will help inform the understanding of malaria transmission
and themost effective intervention approaches for this region
and other similar settings across the Horn of Africa.

MATERIALS AND METHODS

Studyarea.Turkana is a vast county in northwesternKenya
with semi-arid conditions and predominantly semi-nomadic
and nomadic populations (Figure 1A). Lodwar is the capital
of the county and largest town, with a more urbanized and
dense population (50 individuals/km2 versus 13 individuals/
km2 in the whole county).20 We focused on three urban (St.
Monica, St. Patrick, and Ngiitakito) and three rural (Nakechi-
chok, Nadoto, and Kerio) health facilities in central Turkana.
These facilities are located along a seasonal river (Turkwel)
running east that connects Lodwar to LakeTurkana. This tran-
sect encompasses a variety of land use (e.g., farming, pasto-
ralism, urban business sites) andwater use (e.g., piped water,
irrigation canals, rivers) patterns, rates of development, and
proportions of families with a (semi-)nomadic lifestyle.

Study population. Between August 2018 and October
2019, we received consent fromand enrolled patients at these
health facilities with malaria confirmed by the Pf-HRP2 RDT
(Carestart). We collected a dried blood spot (DBS) from each
patient. Patients also provided responses to a questionnaire
detailing their travel and medical history. After enrollment of
the first 30 index patients at each facility during each month,
a community health worker visited the patient’s home within
1 week if they lived within the catchment area of the facility or
were visiting for at least 2 weeks. Each consenting household
member provided a finger-prick blood sample for an RDT and

DBS and completed a questionnaire. All participantswith pos-
itive RDT results were prescribed Artemether-Lumefantrine.

Rainfall measurements. A shapefile encompassing the
entire study area was used to extract daily rainfall estimates
between October 2018 and October 2019 from Climate-
SERV (https://climateserv.servirglobal.net/), which were
aggregated monthly using R (version 3.6.3). Months with
more than 10 mm of total rain were categorized as rainy (as
opposed to dry).

Molecular detection of Plasmodium falciparum. Geno-
mic DNA was extracted from each DBS using Chelex-100,
andP. falciparumwas detected and quantified using a duplex
real-time PCR assay targeting the pfr364motif in parasites as
well as human beta-tubulin.21 Genomic DNA from each sam-
plewas tested in duplicate, anda positive samplewasdefined
as amplification from both replicates or amplification from a
single replicate with a cycle threshold (Ct) value# 38. Densi-
ties were estimated from standard curves on each reaction
plate computed from a series of standards ranging from 0.1
to 2000 parasites/mL of whole blood.

Spatial mapping of cases. Each household reported the
nearest landmark associated with their location. Using Back-
Country Navigator, 127 landmarks were geolocated, aggre-
gated to a 1- 3 1-km grid, and plotted using R. The median
density of landmarks within a grid cell was 1 (interquartile
range [IQR], 1–14),with thehighest density of landmarksbeing
reported in urban catchment areas. In the Kerio catchment
area, 129 (11.7%) households whose landmarks could not
be collected because of an impassable river were aggregated
to a single point across the river. An additional 91 (8.2%)
households were too remote to collect landmarks; therefore,
theyweremappedusing thecoordinates of the relevant health
facility.

Data capture and statistical analyses. Data from index
patients and household members were collected using paper
forms and entered into a REDCap database (https://www.
project-redcap.org/). Univariate and multivariate logistic
regressions were used to analyze individual and household

FIGURE 1. The study area, enrollment, and positivity for householdmembers based on the results of rapid diagnostic test (RDTs) and/or PCR tests.
(A) The study was performed in central Turkana, which is a county in northwestern Kenya. Index patients from health facilities and their households
were enrolled (Map data from Google Earth, Maxar, CNES/Airbus, and Landsat/Copernicus). (B) Spatial distribution of the proportion of household
memberswith positive results formalaria according to RDTs or PCR tests (*householdmembers whowere inaccessible formapping because of sea-
sonal flooding). (C) The percent of householdmemberswith positive results formalaria according to RDTs orPCR tests are compared for eachmonth
and based on the total monthly rainfall (mm).
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factors related to RDT-detected and PCR-detected infec-
tions, with the health facility included as a random effect.
Although individuals with RDT-positive/PCR-negative results
may represent recently cleared or treated infections rather
than current infections, they were included in the analysis
because they would have been detected and treated as a
positive case by the local health facilities. A household-
level random effect was not included because of low inter-
class correlation values, but it did not qualitatively change
these results (Supplemental Table S1). Individual variables
that were analyzed included demographics (age, sex), net
usage, presence ofmalaria-related symptoms, and sleeping
location. Household variables that were analyzed included
index case characteristics (age, sex), season enrolled (dry
or rainy), any travel (anyone from the householdwho traveled
within the past 2 months), type of water source (open or
closed), latrine use, and livestock presence. Household-
level analyses were also performed using logistic regression
for the presence of at least one RDT-detected or PCR-
detected infection. Results for households with exclusive
RDT-detected or PCR-detected infections are shown in
the Supplemental Materials.

RESULTS

Study population. We enrolled 1933 confirmed malaria
cases from six health facilities in central Turkana between
August 2018 andOctober 2019 (Figure 1A, Supplemental Fig-
ure 1). Most index patients were 15 years or younger (59.3%;
1,138/1,919), andmore indexpatientswere enrolled from rural

health facilities than from urban ones (60.2%; 1,164/1,933)
(Supplemental Table 2). Nearly all index cases were found in
residents rather than in visitors (93.5%; 1,807/1,932), and
few reported recent travel (5.4%; 103/1,923). Among those
who reported travel, the majority traveled within Turkana
County (Supplemental Table 3).
Ahousehold investigationof 1,104 indexpatients resulted in

the enrollment of 3,353 householdmembers.Weobtained the
molecular results of all enrolled members of 1,042 (94.4%)
households comprising 3,189 household members. The
median reported household size was 4 (IQR, 3–6), and the
median number of household members enrolled was 3 (IQR,
2–4). Most household members enrolled were 15 years or
younger (48.6%; 1,538/3,167), from a rural catchment area
(62.7%; 1,998/3,189), and reported no symptoms (84.6%;
2,697/3,189) (Table 1). The majority of participants from rural
areas slept outside (89.5%; 1,759/1,966), whereas the major-
ity of those from urban areas slept inside (59.0%; 682/1,155).
Few individuals reported using a bed net (20.3%; 634/3,119),
andonly6.3%ofhouseholds (60/951) reportedhavingenough
bed nets tomeet theWHO recommended distribution density
of one net for every two people (Tables 1 and 2).22 Overnight
travel was rare; 1 out of every 10 households had at least
one member (including the index patient) who recently trav-
eled, and only 1.9% (60/3,180) of household members (not
including the index patient) reported travel. The majority of
trips remainedwithin TurkanaCounty (Supplemental Table 3).

Malaria prevalence and distribution. Excluding index
patients, the P. falciparum prevalence among household
members was 11.4% (365/3,189) according to the RDT,

TABLE 1
Characteristics of all index patients and household members as well as those with positive RDT and/or PCR test results for malaria

Index patient, % (number/N) Household members, % (number/N)

All
(N 5 1,042)

All
(N 5 3,189)

Positive results according to
any test (N 5 # in category)

Positive RDT results
(N 5 # in category)

Positive PCR test results
(N 5 # in category)

Age
15 years or younger 57.1 (594/1,041) 48.6 (1,538/3,167) 36.5 (561/1,538) 15.8 (243/1,538) 32.6 (501/1,538)
16–40 years 34.9 (363/1,041) 41.4 (1,312/3,167) 30.6 (401/1,312) 7.6 (100/1,312) 28.7 (377/1,312)
Older than 40 years 8.1 (84/1,041) 10.0 (3,17/3,167) 31.6 (100/317) 6.9 (22/317) 29.0 (92/317)

Health facility of index
patient
Rural 63.7 (664/1,042) 62.7 (1,998/3,189) 32.9 (657/1,998) 8.9 (178/1,998) 31.0 (620/1,998)

Kerio 19.6 (204/1,042) 19.3 (614/3,189) 19.2 (118/614) 0.2 (1/614) 19.1 (117/614)
Nadoto 29.8 (311/,1042) 29.1 (928/3,189) 41.6 (386/928) 14.1 (131/928) 38.7 (359/928)
Nakechichok 14.3 (149/1,042) 14.3 (456/3,189) 33.6 (153/456) 10.1 (46/456) 31.6 (144/456)

Urban 36.3 (378/1,042) 37.3 (1,191/3,189) 34.7 (413/1,191) 15.7 (187/1,191) 30.1 (358/1,191)
Ngiitakito 12.7 (132/1,042) 13.3 (425/3,189) 35.1 (149/425) 17.4 (74/425) 29.7 (126/425)
St. Monica 12.1 (126/1,042) 14.4 (458/3,189) 43.7 (200/458) 20.5 (94/458) 39.1 (179/458)
St. Patrick 11.5 (120/1,042) 9.7 (308/3,189) 20.8 (64/308) 6.2 (19/308) 17.2 (53/308)

All
(N 5 1,042)

All
(N 5 3,189)

Positive results according
to any test (N 5 1,070)

Positive RDT results
(N 5 365)

Positive PCR results
(N 5 978)

Male 46.8 (488/1,042) 43.4 (1,380/3,183) 44.3 (474/1,069) 51.5 (188/365) 43.4 (424/977)
Personal travel* 4.7 (48/1,032) 1.9 (60/3,180) 1.6 (17/1,068) 1.9 (7/365) 1.4 (14/976)
Symptoms

Any 99.3 (1026/1,033) 15.4 (492/3,189) 28.2 (302/1,070) 67.4 (246/365) 24.5 (240/978)
Fever 83.8 (866/1,033) 6.2 (198/3,189) 15.4 (165/1,070) 41.6 (152/365) 12.7 (124/978)
Headache 84.6 (874/1,033) 6.9 (219/3,189) 16.2 (173/1,070) 44.1 (161/365) 13.8 (135/978)
Body aches 31.8 (329/1,033) 1.8 (56/3,189) 3.5 (37/1,070) 8.2 (30/365) 3.27 (32/978)
None 0.7 (7/1,033) 84.6 (2,697/3,189) 71.8 (768/1,070) 32.6 (119/365) 75.46 (738/978)

Sleeping details of the
previous night
Used bed net 20.7 (216/1,041) 20.3 (634/3,119) 21.3 (223/1,048) 25.4 (90/355) 20.79 (199/957)
Slept outside 69.7 (723/1,037) 71.5 (2,232/3,121) 73.6 (770/1,046) 67.4 (240/356) 74.97 (716/955)
RDT5 rapid diagnostic test. Missing data resulted in the denominators varying for some characteristics.
*Personal travel refers to the household member reporting any travel.
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30.7% (978/3,189) according to the PCR test, and 33.6%
(1,070/3,189) according to either the RDT or the PCR test
(Table 1). The prevalence of infections was highest among
household members enrolled at the urban site of St. Monica
(43.7%; 200/458), and it was lowest at the rural site of Kerio
(19.2%; 118/614) (Figure 1A, Table 1). Generally, RDTs
detected fewer cases in rural areas (27.1%; 178/657) than in
urban areas (45.3%; 187/413). Household member infections
variedwithin catchment areas (Figure1B),withNadotoandSt.
Monica having a geographic prevalence between 40% and
60%. Although the prevalence detected by RDTs was twice
as high for younger age groups (15.8% for those younger
than 15 years; otherwise, 6.9–7.6%), the prevalence detected
using PCR tests was similar across age groups
(�28.7–32.6%) (Table 1). The prevalence of infections fluctu-
ated over time, with the monthly proportion ranging from 0.6
% to 20.3% for RDTs and 16.5% to 43.1% for PCR tests
(Figure 1C). The prevalence of PCR-detected infections
reached a peak of 41% for household members in April and
RDT-detected cases decreased to their nadir of , 1%. The
timing of the peaks was not predicted by rainfall patterns.
The majority of household members (67.4%; 246/365) with

positive RDT results for malaria reported symptoms, with fever

and headache being the most common. However, only 24.5%
(240/978) of patients with positive PCR results reported symp-
toms. InfectionsdetectedbyPCRalonehadasignificantly lower
mean parasite density (95.2 6 1,275.5 p/mL) than those
detected by RDTs for household members (690.7 6 3,142.4
p/mL; P , 0.0001) and index cases (3,662.6 6 9,091.7 p/mL;
P , 0.0001) (Figure 2A). Infections detected only by PCR
occurred across age categories and sites, ranging from 63.3%
(316/499) to 84.8% (78/92) of all infections in children (15 years
or younger) and adults (older than 40 years), respectively, and
77.3% (479/620) compared with 62.9% (224/356) of all infec-
tions in rural and urban sites, respectively (Figure 2B and C).

Risk factors for malaria. Fully adjusted individual-level
models identified characteristics associated with infection
and allowed us to compare risk factors for all infections as
well as those detected by RDTs or PCR tests (Table 3). The
odds of a household member testing positive for malaria by
either method were substantially lower if a participant had
access to a latrine (adjusted odds ratio [aOR], 0.79; 95% CI,
0.62–1.00) or was in a household where at least one member
reported recent travel (aOR, 0.64; 95% CI, 0.42–0.97). The
odds of testing positive increased among those who reported
any symptoms (aOR, 12.96; 95% CI, 8.23–20.39), reported

TABLE 2
Characteristics of all households as well as those with at least one additional infection

All
(N 5 1,042)

$ 1 Positive result according
to any test (N 5 # in category)

$ 1 Positive RDT result
(N 5 # in category)

$ 1 Positive PCR result
(N 5 # in category)

Health facility
Rural 62.9 (638/1,014) 57.4 (381/664) 17.9 (119/664) 56 (372/664)

Kerio 18.8 (191/1,014) 41.2 (84/204) 0.5 (1/204) 40.7 (83/204)
Nadoto 29.6 (300/1,014) 66.9 (208/311) 28.6 (89/311) 65 (202/311)
Nakechichok 14.5 (147/1,014) 59.7 (89/149) 19.5 (29/149) 58.4 (87/149)

Urban 37.1 (376/1,014) 58.5 (221/378) 31 (117/378) 54 (204/378)
Ngiitakito 12.9 (131/1,014) 61.4 (81/132) 38.6 (51/132) 56.1 (74/132)
St. Monica 12.4 (126/1,014) 74.8 (95/127) 39.4 (50/127) 70.9 (90/127)
St. Patrick 11.7 (119/1,014) 37.8 (45/119) 13.4 (16/119) 33.6 (40/119)

All
(N 5 1,042)

$ 1 Positive result according
to any test (N 5 592)

$ 1 Positive RDT result
(N 5 236)

$ 1 Positive PCR result
(N 5 576)

Household details
Buildings 3 (2–3) 3 (2–3) 3 (2–3) 3 (2–3)
Any travelers¶ 9.5 (95/1,004) 7.7 (46/597) 6.8 (16/234) 7.7 (44/571)
Latrine 27.9 (282/1,012) 24.1 (145/601) 28.0 (66/236) 23.0 (132/575)
Livestock at the homestead 69.6 (704/1,012) 73.2 (440/601) 72.0 (170/236) 73.9 (425/575)
Members (n) 4 (3–6) 5 (4–6) 5 (4–7) 5 (4–6)
Children (n)

0 26.5 (264/996) 18.9 (112/592) 10.4 (24/231) 18.7 (106/566)
1–2 55.4 (552/996) 54.2 (321/592) 52.4 (121/231) 53.9 (305/566)
$ 3 18.1 (180/996) 26.9 (159/592) 37.2 (86/231) 27.4 (155/566)

Bed nets in household
1–2 individuals/net 6.3 (60/951) 4.6 (26/562) 3.7 (8/218) 4.5 (24/537)
2–4 individuals/net 10.5 (100/951) 11 (62/562) 13.3 (29/218) 10.6 (57/537)
.4 individuals/net 13.1 (125/951) 16.7 (94/562) 24.3 (53/218) 16.8 (90/537)
0 nets 70 (666/951) 67.6 (380/562) 58.7 (128/218) 68.2 (366/537)

Any sleeping outside 76.8 (779/1,014) 80.6 (485/602) 75 (177/236) 81.2 (468/576)
Water source
Open water source* 63.5 (644/1,014) 64.5 (388/602) 63.1 (149/236) 65.6 (378/576)
Closed water source† 38.7 (392/1,014) 38.4 (231/602) 42.4 (100/236) 37.3 (215/576)

Source of income
Formally used 4.3 (44/1,014) 3.5 (21/602) 4.7 (11/236) 3.1 (18/576)
Informally used‡ 38.4 (389/1,014) 36.2 (218/602) 39.4 (93/236) 35.8 (206/576)
Agrarian§ 57.2 (580/1,014) 60.6 (365/602) 55.9 (132/236) 61.5 (354/576)

Season enrolled (rainy) 40.0 (417/1,042) 61.6 (371/602) 74.6 (176/236) 60.6 (349/576)
IQR5 interquartile range; RDT5 rapid diagnostic test. Data are presented as% (number/N) or median (IQR). Missing data resulted in the denominators varying for some characteristics.
*Openwater sources included rivers, dams or water pans, hand-dug water pits or holes, and springs.
†Closed water sources includedwells or boreholes, piped water, and tanks (filled by a truck).
‡ Informally used included income from a relative, working at a small business, or “other.”
§Agrarian work included selling charcoal, tending livestock, and farming.
¶Any travelers refers to at least one household member, including the index case, reporting travel.
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sleeping outdoors (aOR, 1.35; 95% CI, 1.09–1.69), and
reported using a bed net (aOR, 1.26; 95% CI, 1.00–1.58).
Age, sex, water source, and exposure to livestock were not
significantly associated with the odds of testing positive in
general or according to PCR tests; however, younger ages
and open water source were significantly associated with
increased odds of testing positive according to RDTs.
Although symptoms were significantly associated with the
odds of testing positive according to RDTs and PCR tests,
the strength of association was an order of magnitude greater
for RDT-detected cases.
The majority of households (56.8%; 592/1,042) had at least

one additional case, with 22.6% (236/1,042) having at least
one RDT-detected infection and 55.3% (576/1,042) having
at least one PCR-detected infection (Table 2). Because of
the time and resources necessary for reactive case detection,
it would be useful to determine which households have a high
probability of additional infections without having to visit the
household. Therefore, we developed a model to determine
the odds of finding at least one additional infection in a house-
hold using individual and household characteristics that could
be gathered from index cases presenting at health facilities.
Regardless of the detection method, the odds of a household
having at least one more infection was associated with the
number of household members (aOR, 1.12; 95% CI,
1.02–1.24), particularly children, and the presence of at least
one person reporting symptoms (aOR, 7.39; 95% CI,
3.42–15.99) (Table 4). This is consistent with the individual-
level model, which predicts that symptomatic individuals are
more likely to be infected and children are more likely to
haveanRDT-detected infection. If a householdonlyhad infec-
tions detectable by PCR testing alone, then symptoms were
not associated with the odds of detecting another infection
(Supplemental Table 4). Months with more rain (. 10 mm)
were not associated with the odds of detecting another case
using PCR tests; however, they were associated with detect-
ing another case using RDTs (Table 4). Characteristics of the
index case (age or sex), reports of any household members
traveling, water source, presence of livestock, or the availabil-
ity of a latrine were not good predictors of detecting another
case using either test.
The household-level analysis shed further light on the unex-

pected result of an increased risk of infection among users of
bednets.When stratifying net ownershipby the ratio of nets to
household members, net ownership was not significantly

associated with an increased odds of additional cases when
the net to member ratio is 1:2 compared to not owning a net
(aOR, 1.04; 95% CI, 0.58–1.87) (Table 4). However, when a
household reported having a lower net ratio, whereby more
than twopeoplewould need to share a net, the odds of having
additional infections in the household increased compared to
that of households with no nets (2–4 individuals per net: aOR,
1.74; 95% CI, 1.02–2.95; . 4 individuals per net: aOR, 2.30;
95% CI, 1.19–4.47).

DISCUSSION

Our reactive case detections of more than 1,000 passively
detected malaria cases in Turkana, Kenya, revealed much
higher than anticipated infection rates among household
members; the prevalence rates were 11.4% according to
RDTs and 30.7% according to PCR tests. Most RDT-
detected cases were found in children, but PCR-detected
infections were equally prevalent across age groups. Over-
night travel was rarely reported, and most travelers stayed
within the county. These findings are indicative of local trans-
mission rather than continuous importation events resulting in
local outbreaks. Furthermore, the large number of PCR-
detected infections across all age groups is more consistent
with stable, rather than emerging, transmission.
Theprevalence rateof infectionamonghouseholdmembers

according to PCR tests exceeded 30%, and 56.8% of house-
holds harbored at least one additional infection. Compared
with analogous observations from elsewhere in Kenya, PCR
testing indicated that the prevalence among householdmem-
bers of indexcaseswas less than78%,whichwasobserved in
a holoendemic setting,21 but more than 29%, which was
observed in a mesoendemic setting.23 In contrast, the preva-
lence among household members screened during reactive
case detection in pre-elimination settings was, 1% in Cam-
bodia using PCR tests24 and 2% in Eswatini using RDTs.25

Because of the vulnerability of Turkana County to significant
outbreaks,10 and because of the likelihood that this will be
exacerbated by land use changeswith ongoing development,
future population-based studies should describe the general
prevalence of P. falciparum across the county.
Our results highlight the difficulty sustaining high interven-

tion coverage in this population. The low rate of net use likely
reflects challenges with distributing nets to these remote and
sometimes mobile households, along with the difficulty of

FIGURE 2. Plasmodium falciparum infections in index patients and household members. (A) Parasite density distributions of index patients and
household members with infections detectable by rapid diagnostic tests (RDTs) or PCR tests alone. Vertical line indicates the mean parasite density
for each group. The proportion of household members was stratified by different test outcomes for age (B) and urban and rural catchment areas (C).
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erecting a net over an outdoor sleeping space. Sleeping out-
doors was common and accompanied by an increased risk
of infection. With such low net coverage, nets would be
unlikely to provide any indirect protection to non-net users.26

Our results also highlight how bed net quantity and crowding
in households undermine bed net efficacy. Compared with
households with no nets, those with one net for three or
more individuals had higher likelihoods of infections. This
underscores the need to capture metrics of bed net distribu-
tion and use beyond simple coverage.
Index case enrollment and household member infection

prevalence were geographically and temporally heteroge-
nous. Although trends in putative risk factors, such as net
use, travel, water source, and sleeping outside, were divided
clearly between urban and rural areas, trends in infection
were not consistent with urban and rural differences or with
a gradient of transmission from the regional capital toward
the lake (in thedirectionof increasing isolation fromhumancir-
culation); furthermore, they were not synchronized with rain-
fall. The highest numbers of infections were found in one rural
(Nadoto) and one urban (St. Monica) catchment, and the low-
est household infection proportions were, again, found in one
rural and one urban catchment. The community around
Nadoto (highprevalence)was theonlyarea that reported farm-
ing as an important livelihood activity. Farming relies on infor-
mal irrigation schemes where vectors may breed in stagnant
backwaters or residual pools. Local variations in risk factors,
possibly including those related to the seasonal TurkwelRiver,
community irrigation schemes, or collecting and using water,
need to be further explored to inform locally relevant preven-
tion and environmental management strategies.27

Because reactive case detection would be operationally
challenging to sustain in a high-transmission setting, and
because low levels of malaria interventions (no indoor-
residual spraying, low bed net coverage) are implemented in
this area,we recast our results to informpossible interventions
that could be deployed in this population, particularly
community-basedapproaches.Withhighnumbersof infected
individuals throughout the year, seasonal malaria chemopre-
vention may not be applicable in this setting, despite it being
an arid area similar to the Sahel.28 Furthermore, the very
high levels of subpatent infections indicate that mass testing
and treating based on conventional diagnostics may not be
effective. Distributing malaria treatment only to RDT-positive
individuals would miss a substantial number of infections.
Mass drug administration on its own, although shown to be
effective in some instances, is less likely to be adopted in
this area because of the low levels of other interventions pre-
sent.29 Index case characteristics were not reliable predictors
of which households to test and treat in this area; this was in
contrast to the findings from another study focused on a
low-transmission setting in Eswatini.30 This could be because
of situational differences in transmission rates (,1% versus
.30% in Eswatini and Turkana, respectively), vector control
coverage (40% versus 20%), and occupational risks (farming
in a temperate climate versus farming in a semi-arid climate).
Instead of relying on index case characteristics, an effective
strategy for this area may be household reactive focal drug
administration targetinghouseholdswithmore than three chil-
dren, bed net crowding, and members sleeping outside.
Reactive focal drug administration has been shown to be
more effective than reactive case detection in a low-
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transmission area,31 but these findings may not be generaliz-
able to all settings.32 A better understanding of the infections
in households without an index case in the study area would
be required to fully evaluate the suitability of this approach;
however, previous studies suggest that clustering of cases
in an index case household will be significant.33

The limitations of this study include a lack of information
regarding a population-based sample including households
without index cases. This prevented us from understanding
the extent of infections in the community. However, it seems
likely that infections are fairly widespread considering the pre-
ponderance of low-density asymptomatic infections reported
here, and that they could be verified by future studies imple-
menting a population-representative cross-sectional survey.
Most of the variables we explored were based on self-report;
therefore, we cannot rule out under-reporting (of net or live-
stock ownership), over-reporting (of symptoms), and recall
bias. In an effort to reduce recall bias, travel and medical his-
tory questions were limited to the past 2 months, which may
have excluded more distal, but relevant, information. Finally,
this study detected only P. falciparum infections; however,
the presence and importance of nonfalciparum species need
to be explored further because of the contiguous border
with Ethiopia and Sudan, which have substantial P. vivax
transmission rates.34,35

CONCLUSIONS

Our findings suggest that, contrary to expectations, P. fal-
ciparum is endemic in Turkana. This demonstrates how little
is known about malaria transmission in communities such as
these that stretch across the Horn of Africa. The high propor-
tion of low-density infections highlights the need for detection
methodswithhigher sensitivity than thestandardRDTsaswell
as treatment and intervention strategies that are compatible
with the lifestyle of the community. How long malaria has
been circulating locally in this extremely sparsely populated
and arid environment is unknown. More research is required
to elucidate the relationships among development, demo-
graphic changes, and disease risk in these potentially vulner-
able populations.
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