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Abstract
In early October 2014, 7 months after the 2014–2015 Ebola epidemic in West Africa began, a
cluster of reported deaths in Koinadugu, a remote district of Sierra Leone, was the first evidence of Ebola virus disease (Ebola) in the district. Prior to this event, geographic isolation
was thought to have prevented the introduction of Ebola to this area. We describe our initial
investigation of this cluster of deaths and subsequent public health actions after Ebola was
confirmed, and present challenges to our investigation and methods of overcoming them.
We present a transmission tree and results of whole genome sequencing of selected isolates
to identify the source of infection in Koinadugu and demonstrate transmission between its
villages. Koinadugu’s experience highlights the danger of assuming that remote location
and geographic isolation can prevent the spread of Ebola, but also demonstrates how deployment of rapid field response teams can help limit spread once Ebola is detected.

Introduction

© The Author(s) 2019. This is an Open Access
article, distributed under the terms of the
Creative Commons Attribution licence (http://
creativecommons.org/licenses/by/4.0/), which
permits unrestricted re-use, distribution, and
reproduction in any medium, provided the
original work is properly cited.

On 25 May 2014, the first confirmed case of Ebola virus disease (Ebola) was reported in Sierra
Leone [1, 2]. As of 20 September 2014 all districts in Sierra Leone except for Koinadugu district had confirmed Ebola cases [3]. Koinadugu was seen at the time as an Ebola success story,
the result of early, concerted efforts by the district task force and a prominent private donor
who implemented checkpoints for temperature monitoring and a pass system to restrict movement into and out of the district [4]. The district’s inaccessibility and limited access points
were thought to have helped with this effort.
Koinadugu, Sierra Leone’s northernmost district (Fig. 1), is the largest district geographically with an area of 2121 km2 but has a relatively small population of 265 765 based on the
2004 census [5]. Koinadugu is a remote, mountainous district primarily known for farming,
and contains 11 chiefdoms (Fig. 1). Nieni chiefdom is the largest geographically, with an estimated population of 39 107 [5]. Nieni has many rural villages, rugged terrain making overland
travel difficult, and limited access, including inadequate telecommunications networks.
Koinadugu is bordered by the Republic of Guinea, nearly 300 km from where the Ebola
outbreak in West Africa was first identified. Porous borders between the Republic of
Guinea and Sierra Leone allow for potential cross-border population movements. The
Bombali, Tonkolili and Kono Districts of Sierra Leone make up Koinadugu’s other borders
(Fig. 1); each reported multiple confirmed Ebola cases during May–October 2014.
Koinadugu has one hospital and 70 outlying peripheral health units. During the beginning
of the Ebola outbreak in West Africa, the closest Ebola treatment units (ETU) and laboratory
facilities for Ebola testing were in Freetown and Bo (Fig. 1). Both of these cities are located
approximately 4 h by car from Kabala, Koinadugu’s capital, and 8 h or more from
Koinadugu’s more remote villages. One Ebola isolation holding unit was established in June
2014 to house and care for any suspected Ebola cases in Kabala.
In early October 2014, the Koinadugu District Health Management Team (DHMT) was
notified of an unexpected cluster of deaths in Fankoya, a remote village in Nieni chiefdom
(Fig. 1). The initial investigation was inconclusive as the deceased were already buried and
the village was closed to outsiders. On 11 October, more deaths and illnesses were reported,
prompting a public health team to investigate. Two of four specimens obtained on 11
October from deceased persons were positive for Ebola, confirming the presence of Ebola
in Koinadugu. This report describes the subsequent outbreak investigation, focusing on how
and when Ebola may have been introduced into the district, and reviews strategies for response
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Fig. 1. Map of Koinadugu district of Sierra Leone and surrounding Sierra Leone districts and country of Guinea. All Koinadugu chiefdoms are represented as well as
nine cities and villages: Kabala, Funubakura, Kumala, Yoria, Moria, Kandeyia, Kamaro, Fankoya, Bandankoro and Sumbaria. The cumulative numbers of cases in
the surrounding Sierra Leone districts prior to the first detected Ebola case in Koinadugu are presented – Koinadugu, Sierra Leone, 2014.

activities aimed at reducing Ebola transmission. While the West
Africa Ebola outbreak primarily affected urban areas, this investigation offered the opportunity to analyse spread to an isolated
community from the time of initial detection until control.

database (VHF) and updated with case outcome information
and laboratory data. Confirmed cases had a positive laboratory
test for Ebola virus (EBOV) by reverse transcription polymerase
chain reaction (RT-PCR).

Methods

Ebola virus testing

The work reported in this manuscript represents activities performed as part of a public health emergency response and
received human subjects review board waiver from the United
States Centers for Disease Control and Prevention (CDC) and
the Sierra Leone Ministry of Health.

Blood specimens were obtained from living suspected and probable cases using collection protocols developed by MoHS. Oral
swabs were collected from deceased persons prior to burial. In
situations where blood collection on living persons was not possible, oral swabs were accepted for testing, but were not recommended based on a lower sensitivity [7, 8]. Diagnostic tests for
Ebola virus RNA were performed by quantitative RT-PCR assay
of blood or oral swabs at laboratories in Sierra Leone. RT-PCR
results for suspected and probable cases were considered negative
if test results were negative for specimens collected between 3 and
10 days after illness onset. Laboratory results and case identification number were recorded in an Excel spreadsheet and transferred to the corresponding records in the VHF.

Case definitions
Ebola cases were classified as suspected, probable or confirmed
using surveillance case definitions issued by the Sierra Leone
Ministry of Health and Sanitation (MoHS) [6]. Suspected and
probable Ebola cases were identified by calls from concerned
community members or healthcare workers to the DHMT (aka,
‘alert calls’), contact tracing or upon presentation for clinical
care. Local health teams completed case investigation forms
(CIFs) for persons under investigation for Ebola to collect demographic data, exposure to potential contacts 21 days prior to
symptom onset and funeral attendance. Clinical specimens were
collected for Ebola virus testing when possible. Clinical outcome
data and burial information were reviewed, when available. CIF
data were entered into the Epi-Info™ Viral Hemorrhagic Fever

Fankoya investigation
After molecular testing of samples obtained on 11 October 2014
confirmed Ebola in Koinadugu, DHMT staff and a five-member
joint WHO–CDC public health team travelled to Fankoya during
16–18 October 2014 and conducted verbal autopsies on the initial
cluster of deaths in Fankoya from community members. No CIFs
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were completed for these deaths, but during semi-standardised
interviews demographic information including name, age, sex, village of residence, burial information and potential contact with
other Ebola cases was collected when possible. In Sierra Leone,
one of the local customs necessary for a robust response is gaining
the support of local leaders [9]. Paramount Chiefs represent the
highest authority in a Chiefdom; without the Paramount Chief’s
support, communities may refuse to cooperate with outside partners, and delays in the initiation of response activities may occur.
Thus, it was necessary to gain the Paramount Chief’s permission
in order to perform ongoing outbreak response.

Transmission tree
We constructed a transmission tree based on demographic information, laboratory results and disease outcome to understand
outbreak propagation in Nieni chiefdom and to estimate the
mean number of secondary cases by generation of disease transmission. Deaths identified during the initial investigation in
Fankoya were included in the transmission tree if both demographic and illness information were available. We also used the
transmission tree to identify possible ‘super-spreaders’ – a term
we applied to individuals that appeared to spread EBOV disproportionately more than other infected individuals [10].

Genome sequencing
Genomic sequencing of eight specimens was performed retrospectively at CDC, after control of the outbreak, to establish the geographic origin of Nieni’s cluster as well as determine the degree
of connectedness between cases. Samples were selected based on
Ebola virus threshold cycle (Ct) value and sample volume. Blood
samples were inactivated under Biosafety level 4 biocontainment
(CDC, Atlanta, GA). Nucleic acid was extracted using a
MagMAX Pathogen RNA/DNA isolation kit (Invitrogen); DNA,
ribosomal and carrier RNA were removed and unbiased deep
sequencing was performed according to methods used by
Matranga et al. [11]. Consensus genomes were generated using
the IRMA-Ebola pipeline [12]. The nucleotide substitution model
(GTR + Γ (n = 4)) was chosen using JModelTest, version 2.0 and
maximum likelihood phylogenetic trees were constructed using
phyml, version 3.0 with approximately 1500 full-length EBOV genomes; median joining networks [13] were constructed using
PopArt with a subset of full length viral sequences. Branch support
estimates were generated using the most conservative value
returned from χ 2 parametric and SH-like non-parametric approximate likelihood ratio test (phyml argument –b −3). New genomes
acquired from clinical specimens were deposited into GenBank:
MG948587-91.

Statistical analyses
We used SAS version 9.3 (SAS Institute Inc., USA) to link VHF
and laboratory databases. We report results of descriptive analyses
as frequencies, proportions, means and medians. Statistical analysis of continuous variables was performed using the Student’s
t-test to compare means with the assumption of unequal variance;
differences in categorical variables were assessed using Fisher’s
exact test. We calculate the odds ratio for differences in completed
CIFs based on the time period during the outbreak.

3

Results
Fankoya field investigation
The initial investigation in Fankoya revealed 24 deaths, of which
22 met the suspected or probable case definition for Ebola, and
five additional living persons ill with Ebola-like symptoms.
Demographic information, illness onset and date of death were
obtained for 11 (50%) of 22 deaths; investigators were unable to
locate surrogates for the remaining 11. Samples were taken
from four (80%) of five actively symptomatic patients; three of
which were confirmed positive for Ebola virus by RT-PCR. Of
11 deaths for whom information was collected, surrogates provided anecdotal information about funeral attendance (often in
nearby villages) or direct contact with a deceased person.
Funeral attendance was traced as far back as early September,
nearly 6 weeks prior to the first confirmed Ebola case in the district. Based on information collected during these interviews, the
index case in Koinadugu was believed to be a business traveller
from a neighbouring district whose family lived in Fankoya.
After further interviews, it was determined that the earliest case
in Fankoya was a young male who returned home after visiting
Kono district.

Intensified outbreak response
After confirming the first Ebola cases in Nieni Chiefdom, Nieni’s
Paramount Chief gave permission for public health and medical
teams to be stationed in Nieni to provide active case- and contactfinding, specimen collection, basic medical care for suspected
Ebola patients, community engagement and training about safe
burials practices. Surveillance, laboratory, ambulance and burial
teams from Kabala were assigned to 1-week rotations in Nieni
starting 29 October.
WHO established a temporary community care centre (CCC)
in Kumala on 30 October while community members modified
an existing school building to function as a longer-term CCC.
The school-based CCC began operations on 12 November. To
expedite laboratory testing, CDC, the United Nations (UN) and
other partners arranged for thrice-weekly helicopter transport of
laboratory specimens from Koinadugu to CDCs field laboratory
in Bo District starting the week of 24–29 November.

Case finding efforts and response improvement
After Ebola was reported in Nieni, surveillance teams and contact
tracers were mobilised and additional staff were trained to
increase response efforts. Improved case finding meant that
CIFs were completed for all living suspected and probable cases
identified after 20 October. During 19 October–1 November,
the mean number of days from symptom onset to case report
completion for patients meeting the epidemiologic case definitions was 7.3 days after excluding two outliers; the mean
was shorter for confirmed cases with 6.8 days. During 2–15
November, after addition of more response team staff, the mean
number of days decreased to 4.3 days (difference in means = 3
days (95% confidence interval (CI) 1.2–4.8 days)) for all case definitions and to 4.4 days for confirmed cases (difference in means =
2.4 days (95% CI 0.3–4.4 days)). The percent of confirmed cases
for whom CIFs were completed while living increased from 74%
(17/23) to 94% (38/41) during these same time periods, though
not statistically significant (odds ratio 4.5, 95% CI 1.0–20.0).
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Ebola virus testing
After the first confirmed case was reported in early October, 203
suspected and probable Ebola cases from Koinadugu were tested
for Ebola virus RNA from 129 blood specimens and 74 oral
swabs. Quantitative RT-PCR testing of 129 whole blood specimens revealed 67 (52%) confirmed cases of Ebola, 58 (45%) noncases and four (3%) undetermined cases. Cases were considered
undetermined if samples lacked required information such as collection date or there was a need for a repeat sample due to collection of the first sample within the first 72 h of illness onset.
Quantitative RT-PCR testing of oral swabs identified 22 (30%)
confirmed Ebola cases, 49 (66%) non-cases and three (4%)
undetermined cases. Combining this laboratory information
with CIF records resulted in 89 confirmed Ebola patients, 14
probable cases and 18 suspected cases during 1 October–17
December (Fig. 2). Due to lack of recording vital status at the
time of oral swab collection, we were unable to determine how
many cases were dead at the time of collection. The median age
for confirmed cases was 34 years (IQR 22–47.5). Confirmed
cases were predominantly female (53/89; 60%).
Transmission tree
We constructed a transmission tree (Fig. 3) during November
which included 11 of the 22 deaths thought to be related to
Ebola found during the initial investigation in Fankoya. By 9
December, the transmission tree was expanded to a total of 74
suspected or confirmed Ebola cases including 38 (51.4%) deaths.
Included cases were predominantly female (60.8%), had a median
age of 35.5 years (range 0.6–80 years), and were from 10 villages.
The most common exposures reported were direct person-toperson contact (86.5%; 64/74) or participation in burial practices
(32.4%; 24/74). Ten persons indicated both exposures. Four
persons denied both contact with sick patients and funeral
attendance.
The number of secondary cases per generation of disease for
the first, second, third and fourth generations was 4, 11, 18 and
24, respectively. This leads to a rough empirical estimate of the
reproduction number according to disease generation decreasing
from four in the first generation of disease to approximately 1.3
in the fourth generation. The transmission tree demonstrates
spread of Ebola from village to village within Nieni chiefdom.
Starting in Fankoya, Ebola was transmitted to residents of nine
other villages in Koinadugu (Fig. 3). Case investigations identified
three possible super-spreaders (Fig. 3, case ID#s 11, 26 and 66);
mean number of secondary cases per super-spreader was 8.3
cases (range 5–12).
Genome sequencing
Whole genome sequences of Ebola collected during the Koinadugu investigation and processed after control of the outbreak,
are more closely related to sequences from Sierra Leone than
sequences from Guinea (Supplementary Fig. 1). The phylogenetic
tree (Supplementary Fig. 2) shows strong support for the
sequences identified from Nieni clustering together on the same
clade – this clade includes samples that were collected from the
same geographic region and time, but sequenced at different
laboratories (Fig. 4) [14]. The earliest collected sample associated
with the Nieni clade was collected from Fankoya (%, 20 142 551)
and is consistent with the transmission tree illustrating that the
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initial source of infection in the Nieni chiefdom was from
Fankoya. The phylogenetic tree supports a relationship for transmission between Kumala (cases #24, 44, 48 and 65) and Sumbaria
(case #41), Kandeyia (case #57) and Funubakura (case #74). The
case on the phylogenetic tree from Bandakoro (case #37), shares
the common Fankoya case, but is separate from the Kumalarelated cases represented, consistent with the transmission tree
(Figs. 3–4).
Deaths and burial information
Early investigations in Fankoya revealed suspected Ebola deaths in
early September. However, due to limited resources of burial and
surveillance teams, CIFs were not routinely collected for deceased
persons until 20 October. During 5 September through 17
December, a total of 56 potentially Ebola-related deaths were
reported in Nieni including 16 suspected, eight probable and 32
confirmed Ebola cases. Burial information was missing for 26
deaths (which occurred before CIFs were routinely collected); it
is assumed these burials were performed in the community by
friends and family members. For 30 deaths for whom burial information was recorded, 26 (87%) were buried safely by a trained
burial team and four (13%) were buried by the community
using traditional practices. The majority of these deaths took
place after intensification of staff and other resources.
Discussion
Investigation of Ebola in Koinadugu, a particularly remote area,
determined that Ebola was likely to have been introduced to
Koinadugu weeks to months prior to confirmation of Ebola in
the district. Whole genome sequencing results suggest the initial
route of Ebola transmission into Koinadugu was from within
Sierra Leone rather than a cross-border transmission. However,
based on inferred phylogenetic relationships, Koinadugu likely
had multiple introductions of Ebola during the course of the
Ebola outbreak. Of note, whole genome analysis demonstrates
that while closure of international borders was associated with
decreased transmission, international cross-border transmission
still occurred [15]. Our investigation also highlights that transmission had already occurred prior to implementation of public
health Ebola control efforts, highlighting the danger of accepting
lack of case reports as evidence of a lack of disease transmission.
Ebola transmission was eventually decreased through a series of
proven interventions aimed at early diagnosis, prompt and effective isolation of Ebola patients and implementation of safe burial
practices [1, 16, 17].
Access issues, resource limitations and logistical constraints of
remote villages are a challenge to outbreak responses and can lead
to delayed identification of Ebola-related morbidity and mortality
with increased potential for spread to other communities. These
challenges have been identified in previous haemorrhagic fever
outbreaks, and intervention strategies to overcome these challenges have been noted by previous articles. Information collected
about the decrease in number of days from symptom onset to case
report completion and the increase in the percent of confirmed
case patients for whom CIFs were completed shows how intensive
surveillance and enhanced response efforts may improve key
responses. During the West Africa Ebola outbreak, which primarily affected urban areas, the challenges of rural environments in
Liberia similar to Koinadugu were noted to interfere with Ebola
epidemic control [18–20]. In response to these challenges,
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Fig. 2. Number of reported Ebola cases in Koinadugu district, Sierra Leone, reported by week of symptom onset – Sierra Leone, 2014.

Fig. 3. Ebola transmission tree for Nieni Chiefdom, Koinadugu district, Sierra Leone, 2014. Squares represent males and circles represent females. The age of cases
in years unless otherwise noted, is provided within the circle or square if available. The village of where the person became ill or was buried is Fankoya unless
noted by a box around a case or group of cases with a different village listed: Bandakoro, Sumbaria, Kandeyia, Moria, Sumbaria, Kumala, Yoria, Kamaro or
Funubakura. Information about epidemiologic connections between the first 25 cases and case number 66 are listed if available.

Liberia implemented a national strategy to rapidly respond to
rural outbreaks of Ebola which decreased the duration of rural
Ebola outbreaks and associated case-fatality rates [19].
Activities undertaken in Nieni to control the Ebola outbreak
were similar to the objectives of Liberia’s national strategy. After
confirming Ebola cases in Nieni Chiefdom, the DHMT and international partners attempted to increase case finding, improve

isolation measures, decrease time to receipt of laboratory results
and expedite transfer of confirmed Ebola cases to ETUs. It should
be noted that prior to establishment of field-based, rotating surveillance and laboratory teams in Nieni and the Kumala CCC,
no confirmed cases from Nieni survived long enough to be transported to an ETU. After these measures were put in place the
majority of newly identified suspected patients survived long
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Fig. 4. Median joining haplotype network based on full genome sequences generated from samples collected in Nieni Chiefdom, Koinadugu district, Sierra Leone,
2014. Viral sequences were selected from the Nieni-specific clade and closely related clades from a maximum likelihood tree constructed with all available Ebola
sequences (Supplementary Figs. 1 and 2). Nodes are placed according to sample collection dates and scaled to represent number of identical sequences.
Individuals included in the transmission tree (Fig. 4) are highlighted in blue. Nodes without labels represent hypothetical ancestors and vertical hash marks
represent number of nucleotide changes. Statistical support (aLRT from maximum likelihood trees) for nodes is indicated by coloured arrows which point to supported nodes: red >0.9, orange >0.8, yellow >0.75.

enough for transport to an ETU, and several patients returned to
their villages after ETU discharge. Our data also showed an
increase in case reporting and decrease in reporting delays after
intensified outbreak response efforts were started.
We determined by verbal autopsy that several cycles of
unusual illnesses and deaths which were likely to have been
Ebola had occurred approximately 6 weeks before the first
reported Ebola case in this district. These findings emphasise
the importance of assessing surveillance in silent areas in order
to promptly detect ongoing transmission and rapidly implement
response measures. Surveillance gaps in Sierra Leone resulting
in Ebola-infected persons coming to the attention of health
authorities only after they died were also reported by Crowe
et al. [21]. In response to these gaps, Crowe describes the development of the Community Event-Based Surveillance (CEBS) system, a supplement to the country’s existing surveillance system.
Sierra Leone has continued use of CEBS (now referred to as
Community Based Surveillance, or CBS) as a component of its
strategy of Integrated Disease Surveillance and Response
(IDSR). This surveillance strategy includes syndromic case definitions for suspected cases of conditions such as VHFs. Its case definitions are appropriate for use in locations such as Sierra Leone
and other resource-limited settings.
In addition to Ebola containment and infection prevention
strategies, there was a targeted community effort to raise Ebola
awareness and decrease stigma related to the disease. The support
of Nieni’s Paramount Chief of the outbreak response was integral
to the successful containment of Ebola. In remote areas where
Ebola response activities are limited, integration of existing political
and public health structures into response efforts might improve
community enthusiasm for participation in the response [22].
Similar to earlier Ebola outbreaks and other areas affected by
the Ebola outbreak in West Africa, burial preparation, funeral
practices and travel to neighbouring villages contributed significantly to the spread of Ebola in Nieni chiefdom [23, 24].
Whole genome sequencing results reinforce epidemiologic links
by mapping cases from different locations and generations of

disease to common ancestors. Richards et al. describe the social
networking of rural communities in Sierra Leone including the
complexities and importance of familial lineages and traditional
practices of marriage and funerals with regards to the current
Ebola outbreak [25]. Villages are linked, sometimes across great
distances, through marriage. The fact that only four case patients
included in the transmission tree denied both contact with sick
patients and funeral attendance suggests that spread of Ebola
among villages in Nieni was likely related to travel to care for
or attend funerals of sick friends and family. After alerting communities that funeral practices were related to Ebola spread, the
percentage of burials conducted by specially trained burial
teams increased. However, traditional burials continued. Social
mobilisation and community acceptance are necessary for the
efforts to change burial practices to be effective.
Limitations of our investigation include incomplete case
reporting, particularly at the beginning of the outbreak. Although
the initial investigation teams uncovered 22 suspicious deaths,
time, logistical and political constraints did not allow for an
exhaustive evaluation. When combined with initial delays in identifying cases, a significant spike in case reports followed community
notification about the first confirmed case. We believe a more gradual progression of Ebola onsets likely occurred than suggested by
the epidemic curve. Similarly, focused interventions in Nieni chiefdom resulted in improved case-finding and were not necessarily
emblematic of increased transmission in the area.
Conclusion
The experience in Koinadugu highlights the danger of assuming
that remote location and geographic isolation can prevent the
spread of Ebola, and further, that absence of case reports reflects
the absence of transmission. People remain mobile and social networks drive the spread of diseases like Ebola regardless of geopolitical boundaries.
Nieni chiefdom’s case study underscores the importance of
active surveillance for early detection of Ebola and is a call for
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increased preparedness of rural populations. The ability to (1) set
up surveillance using standard case definitions and prompt
reporting and (2) quickly enact outbreak control strategies in
remote areas is critical for early containment of Ebola [26]. A policy of active surveillance for Ebola virus among all deaths and
non-malaria febrile illnesses had not been instituted in Sierra
Leone at the time of this outbreak, but was instituted in early
2015. Whether such an active surveillance system would have
resulted in an earlier identified outbreak in Nieni and a smaller
eventual outbreak size is not clear. The fact that this outbreak
was limited to 89 confirmed cases and 14 probable cases speaks
highly of the rapid and seemingly effective outbreak response
efforts in this remote part of Sierra Leone.
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