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SUMMARY
We performed a spatial-temporal analysis to assess household risk factors for Ebola virus disease
(Ebola) in a remote, severely-affected village. We deﬁned a household as a family’s shared living
space and a case-household as a household with at least one resident who became a suspect,
probable, or conﬁrmed Ebola case from 1 August 2014 to 10 October 2014. We used Geographic
Information System (GIS) software to calculate inter-household distances, performed space-time
cluster analyses, and developed Generalized Estimating Equations (GEE). Village X consisted of
64 households; 42% of households became case-households over the observation period. Two
signiﬁcant space-time clusters occurred among households in the village; temporal effects
outweighed spatial effects. GEE demonstrated that the odds of becoming a case-household
increased by 4·0% for each additional person per household (P < 0·02) and 2·6% per day
(P < 0·07). An increasing number of persons per household, and to a lesser extent, the passage of
time after onset of the outbreak were risk factors for household Ebola acquisition, emphasizing
the importance of prompt public health interventions that prioritize the most populated
households. Using GIS with GEE can reveal complex spatial-temporal risk factors, which can
inform prioritization of response activities in future outbreaks.
Key words: Ebola, geospatial analysis, Generalized Estimating Equations (GEE), Geographic
Information System (GIS), epidemiology.

I N T RO D U C T I O N
The West African Ebola virus disease (Ebola) epidemic was unprecedented in complexity and scale
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[1]. Public health strategies for control of Ebola outbreaks, based on decades of experience, include identifying and isolating cases, monitoring contacts, and
breaking chains of transmission [2, 3]. Despite these
efforts, the 2014 Ebola epidemic proved difﬁcult to
control, and led to over 28 000 cases and 11 000 deaths
[4]. Past studies have focused on individual-level risk
factors for Ebola acquisition; however, because
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many public health interventions occur at a community or household level, risk factor analysis at those
levels may be informative. Furthermore, since people
in a village setting tend to aggregate in social units,
examining risk factors for Ebola within a social unit
such as a household might reveal new patterns of
risk. Determining household risk factors can thereby
inform household-level interventions, rather than relying on individual-level data to guide broader public
health actions.
Use of quarantine to separate contacts of persons
with Ebola to limit Ebola virus transmission was
part of the Ebola control strategy in Sierra Leone, in
which households and sometimes entire villages were
quarantined (online Supplementary Appendix I) [5, 6].
Households were quarantined even if the infectious
individual was no longer in the household (e.g.
taken to an isolation unit) so that household contacts
who had the potential to develop Ebola could be monitored [6, 7]. Household quarantines were designed to
serve as a physical barrier to prevent persons residing
outside of the quarantined household from being
exposed to Ebola virus.
In Village X of Sierra Leone, a traditional household
structure consists of one or more houses aggregated
around one main house in which the head of household
resides. Since households have spatial relationships to
one another that may affect transmission of a pathogen, such as Ebola virus, which is spread by direct
person-to-person contact, geospatial analysis can be
used to explore complex transmission patterns [8]. In
addition, risk of transmission of Ebola virus is not static
over time; there is evidence that factors such as illness
stage can affect infectivity [9]. Given that infectiousness
increases over the course of illness on an individual
level, time might also be an important risk factor for
Ebola transmission on a household level. We therefore
sought to describe geospatial and temporal risk factors
for household-to-household spread of Ebola virus in a
village that had been quarantined in its entirety by local
public health authorities.
In Village X, located in a rural part of Sierra Leone,
the earliest symptom onset date for an Ebola case was
10 August 2014, and the ﬁrst household was quarantined on 12 September 2014. Because of the rapidly
rising number of Ebola cases in Village X, a villagewide quarantine was initiated on 18 September 2014
by local health authorities. Other public health
response measures that occurred concurrently with the
village-wide quarantine in Village X included community education with dissemination of messages such as

‘Ebola is real’ and ‘no touch,’ the ‘House-to-House’
national campaign1 [10], enhanced surveillance, and
reintegration of Ebola survivors from treatment centres into the community.
We collected household-level data, including geospatial data, during the Ebola outbreak in Village X
to determine household risk factors for spread of
Ebola virus in the context of the active public health
interventions being implemented as part of the outbreak response.
METHODS
We collected household data on all 64 households in
Village X on 8 October and 10 October 2014 to
deﬁne a retrospective cohort. We deﬁned a household
as a family’s shared living space associated with a single head of household, which could consist of one or
more houses. We deﬁned a case-household as a household in Village X with at least one resident who
became a suspect, probable, or conﬁrmed Ebola case
between 1 August 2014 and 10 October 2014, as
deﬁned by the Ministry of Health and Sanitation
(MoHS) of Sierra Leone and consistent with the
World Health Organization (WHO) Ebola case deﬁnitions [7]. The day of symptom onset of the earliest case
in a case-household deﬁned the day on which we considered a case-household to be incident.
We conducted in-person interviews alongside local
public health ofﬁcials, including one contact tracer
who lived in Village X, to determine the number of persons per household (as a proxy for household crowding),
number of houses per household, number of latrines
per household, number of rooms per household, household quarantine status, and other pertinent household
characteristics (online Supplementary Appendix II).
The name, age, sex, and date of symptom onset for the
index case for each case-household were collected during
the interviews and conﬁrmed by comparing these data
with the Ebola database at the District Health
Management Team (DHMT) ofﬁce, which was maintained using the Viral Hemorrhagic Fever (VHF)
application of Epi Info 7·1·4·0 (CDC, Atlanta GA).
We assigned location data to households using handheld GPS units for onsite geocoding, then conﬁrmed
the GPS coordinates with aerial photos from Google
Earth™. Using Esri ArcGIS 10·2 Geographic
Information System (GIS) software (Environmental
1 The house-to-house campaign was conducted for 3 days in
September 2014 as a national intervention to provide Ebola education door-to-door and conduct active case search.
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Systems Research Institute, Redlands, CA), we calculated distances between households as the distance
between the household’s centers. We performed a
Weighted K-Function distance analysis to examine
the purely spatial effect of distance on case-household
clustering, using point pattern analysis software,
PPA1·0c (San Diego State University, CA). Using a
Poisson distribution with household as the population
and controlling for population size of household as a
covariate, we performed Kulldorff’s space-time and
temporal scans in SaTScan to detect potential casehousehold clusters (online Supplementary Appendix
III). The Kulldorf Scan Statistic determines a statistically signiﬁcant cluster in time and space by a likelihood
ratio. This method compares the observed distribution
in a study area to a large statistical sample of computer
generated random points in the same study area, and
identiﬁes a space-time location or time period with a
signiﬁcant excess of cases.
To determine if the distance from a case-household
(i.e. potential source-households) affected a household’s (i.e. uninfected households susceptible to
becoming a case-household) risk of infection, we calculated the daily average distances between casehouseholds and uninfected households over the course
of the outbreak from 8 August 2014 to 25 September
2014 in Microsoft Excel (Microsoft Corporation,
Redmond, WA) (online Supplementary Appendix
IV). We deﬁned potential source-households for a
given household as case-households that had symptom onset at least 2 days prior to symptom onset in
that given household.
The daily average distance metric is a composite of
the distances calculated for each of the 64 households
in Village X, and represents the average distance from
a given household to all potential source-households
on a given day. We then developed distance metrics
that included consideration of household quarantine
to see if household quarantines modiﬁed risk of household Ebola virus acquisition posed by distance to casehouseholds. The average quarantine distance metric
was based on the assumption that institution of household quarantine reduces to zero the risk posed by an
infected, quarantined case-household. Therefore, for
the average quarantine distance metric, we treated
quarantined case-households as if they were uninfected
and consequently not potential source-households
beginning on the day the household quarantine was
initiated.
Because the timeliness of instituting household
quarantines varied over the course of the outbreak
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in Village X, we then developed a similar average
prompt quarantine distance metric based on the
assumption that only household quarantines instituted
less than 48 h after symptom onset of a case-household
were effective. The average prompt quarantine distance metric was developed to assess if quarantines
instituted within 48 h were effective in reducing household Ebola virus transmission, given that quarantines
instituted greater than 48 h after symptom onset might
have limited effect.
To evaluate the risk of household Ebola acquisition
posed by potential risk factors, we performed a generalized estimating equation (GEE) in R3·2 (R Core
Development Team, 2008), which focuses on calculating population averaged effects from a correlated or
repeated measures dataset. As the time series data
from each household were not independent, modeling
the data with a GEE was more appropriate than a logistic Generalized Linear Model (GLM). An exchangeable correlation matrix was used with the GEE.
Analyses using both average distance and average
prompt quarantine distance metrics were conducted
(online Supplementary Appendix V). We considered
two-sided P-values <0·05 to be statistically signiﬁcant.

R E S ULTS
Village X is approximately 0·7 km long and 0·4 km
wide, and the population at the beginning of the
observation period on 1 August 2014 was 863 persons
living in 64 households (97 houses). Median household size was 10 residents (IQR 6–18); however, two
households were notably larger than the others with
64 and 55 residents. All 64 households in Village X
were geocoded and assessed for household characteristics (Fig. 1). A total of 27 households became casehouseholds (42% cumulative household attack rate)
as depicted in the epidemic curve by date of symptom onset for the index case in each case-household
(Fig. 2). Over the course of the study period, a median
of three persons per case-household (mean of 4·8 persons per case-household) developed Ebola (median
intra-household attack rate of 30%); in the two larger
households 30 and 20 persons developed Ebola
(attack rates of 46% and 36%, respectively).
In total 22 of 27 (81%) case-households were quarantined; the most common reason for case-households
not to be quarantined was because the household was
vacant after all residents had died or left. The last
household quarantine was initiated on 1 October
2014, and the village-wide quarantine was
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discontinued on 18 October 2014, one month after it
was instituted. An animated timeline of household
infection and implementation of household and
village-wide quarantines in Village X is depicted in
online Supplementary Figure S1.
The mean duration from symptom onset to initiation of household quarantine during the observation
period was 10 days (IQR, 2–17 days). However, this
measure decreased over the course of the village outbreak, as public health interventions intensiﬁed: for
case-households in which the index case for a given
household had symptom onset prior to 6 September
2014 (i.e. the ﬁrst half of the outbreak), the mean duration until implementation of quarantine was 15 days;
for case-households with symptom onset on or after 6
September 2014, the mean duration until quarantine
was 5 days.
Spatial-temporal analysis

Fig. 1. Schematic map of Village X, Sierra Leone,
indicating cumulative Ebola case-household status and
quarantine status from 1 August 2014 to 10 October 2014.

Space-time cluster analysis revealed two statistically
signiﬁcant clusters. A primary cluster contained ﬁve
infected households out of 10 total households in a
58 m radius over a 2-day period from Days 32 to 33
(10–11 September 2014; P = 0·013). A secondary cluster contained ﬁve case-households out of 25 total
households in an 86 m radius over a 1-day period on
Day 27 (5 September 2014; P = 0·047). A purely

Fig. 2. Case-households (N = 27) over time for Village X, Sierra Leone, by week of symptom onset for the index Ebola
case in each case-household from August to September 2014.
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temporal cluster analysis revealed one statistically
signiﬁcant cluster, including 15 case-households over
an 8-day period from Days 27 to 34 (P = 0·003).
Spatial distribution, assessed by the purely spatial
Weighted K-Function analysis found no statistically
signiﬁcant spatial clustering of case-households
(Fig. 3).

Generalized estimating equations
Table 1 shows the results of the GEE (n = 865; 27
cases and 838 non-cases) presenting adjusted odds
ratios. The GEE demonstrates that when controlling
for time and the average distance metric, the odds of
a household becoming a case-household increased by
4·0% for every one person increase in household size
(P < 0·02). The odds of a household becoming a casehousehold, when controlling for distance and number
of persons per household, increased by 2·6% per day
(P = 0·06). Replacing the average distance metric
with the average prompt quarantine distance metric
did not modify the odds of household infection.
Adding quarantine as an exposure variable did not
result in changes to other covariates in any model
(data not shown).

D I SC US S IO N
Our analysis showed that a greater number of persons
per household, and to a lesser extent, passing time
were risk factors for household-level Ebola virus infection in Village X. Our spatial, temporal and spacetime cluster analyses demonstrated that the observed
space-time clusters were subsets of the more statistically signiﬁcant temporal cluster and not due to the
spatial relationships between the households. Using
the GEE, we demonstrated that the risk of infection
increased over time during the ﬁrst 27 days of the outbreak, and the risk of infection was not affected by
distance to case-households. Therefore, we conclude
that the average distance between households in
Village X did not affect the risk of household Ebola
acquisition, but the number of persons per household
and increasing time did increase risk. These conclusions may inform Ebola response planning because
they suggest prioritizing case ﬁnding and investigation
in households with a greater number of persons, and
that outbreak control be performed as rapidly as possible. In resource-limited settings such as the setting of
this outbreak, such prioritization strategies may be of
particular import. Our animation of this village’s

Fig. 3. Spatial distribution of case-households in Village
X, Sierra Leone, August to October, 2014. Figure 3
illustrates
the
random
distribution
of
Ebola
case-households as the locations fall between the 95%
conﬁdence limits suggesting neither spatial clustering nor
spatial uniformity is occurring (online Supplementary
Appendix III). Spatial distribution of case-households was
assessed by the Weighted-K function analysis. This
function was used to test the hypothesis that the pattern of
Ebola case-households among all households in the village
is more clustered than chance would have it. We reject our
null hypothesis as the observed results fall within the
conﬁdence envelope for the weighted K function results.
*Distance is the distance in metres to a neighboring
household. **The y-axis depicts the spatial distribution of
Ebola case-households in relation to complete spatial
randomness, this is signiﬁed by the function L(d).

Ebola outbreak (online Supplementary Fig. S1) allows
for visualization of household transmission patterns
across time and space with detail that cannot be conveyed in a static image or graph.
While the ﬁndings that a greater number of persons
per household and the passage of time increase risk of
household Ebola infection may be intuitive, our study
is unique in yielding village-level evidence to substantiate these risks using ﬁeld data collected on-site in the
midst of an Ebola outbreak. The measure of persons
per household serves as a proxy for household crowding, but it could also reﬂect greater possibilities for
person-to-person transmission due to mixing among
a larger number of people.
This study demonstrates the feasibility of collecting
household-level location data in addition to traditional risk factor data during an ongoing outbreak
occurring in a remote location with limited resources.
The real-time inﬂuence of temporality of transmission,
as demonstrated by the GEE results, could not be
evaluated with logistic regression. Use of GIS data
and GEE allowed us to explore the changing spatial
relationships between households over time, as households changed from uninfected households to casehouseholds in a dynamic fashion.
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Table 1. Generalized estimating equations for Ebola virus spread at household level in Village X, Sierra Leone,
August to October 2014, n = 865 (27 cases and 838 non-cases)
Variables
Multivariate non quarantine GEE
Time (outbreak day)
Average distance (10 m intervals)b
No. of residents
Multivariate prompt quarantine GEE
Time
Average prompt quarantine distancec
No. of residents

OR

Wald test

S.E.

P-value

Correlation Esta

Correlation S.E.a

1·03
0·978
1·04

3·48
0·31
5·59

0·014
0·004
0·017

0·062
0·577
0·018

0·0027

0·0063

1·03
0·977
1·04

3·47
0·34
5·50

0·014
0·039
0·017

0·062
0·558
0·01

0·0027

0·0063

OR, household average odds ratio (population average for the odds of a household becoming a case-household).
a
The Correlation Estimate and Correlation Standard Error show the estimation and S.E. of the within clustered values. The
low values illustrate that the unit of clustering (the household) were not very different from each other.
b
Distance is average distance between the household in question and all Ebola case-households that had symptoms at least 2
days prior.
c
Quarantine Distance is average distance between the household X and all Ebola case-households that had symptoms at least
2 days prior and were not quarantined prior to the onset date of symptoms in household X.

We suggest that routine geocoding, especially to the
household level, be part of standard investigations of
future Ebola outbreaks. Geocoding allows for ﬁeld
personnel to locate homes in remote locations that
lack standard addresses and helps coordinate disease
control efforts conducted by multiple organizations,
such as food delivery, provision of water to quarantined homes, and daily monitoring of Ebola contacts.
While distance was presumed to be a risk for household transmission, our use of geocoding and GEE
demonstrated that, on average, distance was not an
important household risk factor for Ebola in Village
X. While distance might increase risk in other outbreaks, use of geospatial analyses can evaluate the
effect of distance and of public health interventions
based on distance.
Our use of GIS and GEE quantiﬁed the risks associated with time and persons per household during
an Ebola outbreak, supporting the importance of
rapid and targeted interventions to control Ebola.
Speciﬁcally, households with a greater number of persons compared with other households in the village
should be prioritized for case ﬁnding and isolation
based on our ﬁndings that these households are at a
higher risk of infection. These ﬁndings are consistent
with the growing body of scientiﬁc literature on the
2014 Ebola epidemic demonstrating the necessity of
rapid detection, isolation, and treatment of Ebola
patients [2, 3, 11]. Other mechanisms needed to
achieve Ebola outbreak control and prevent recurrence include establishing incident management systems and emergency operation centres, improving

in-country disease surveillance, ensuring rigorous contact tracing, providing capacity for laboratory testing,
implementing infection control among healthcare
workers, and ensuring a robust global response when
a country is overwhelmed by an epidemic [11].

The role of quarantines
We were not able to reach deﬁnitive conclusions on the
effect of household quarantines in Village X. Our
ﬁnding that the mean duration of time from symptom
onset until initiation of quarantine decreased from 15
days to 5 days during the observation period suggests
an active process of improving the implementation of
quarantines during the outbreak. The outbreak in
Village X occurred early in the course of the Ebola
epidemic, and there were no guidelines on implementation of quarantine in international Ebola preparedness and control documents [3, 12]. In this district,
quarantine was typically not enforced until the symptomatic individual had a conﬁrmatory laboratory
result for Ebola. At this phase of the outbreak, without a laboratory in the district, it took a mean of 7
days after symptom onset before the result was available [13]. We do not know how effective household
quarantines may have been if implemented immediately after the ﬁrst cases in this village were conﬁrmed.
Additional GEE analyses that included household
quarantine found that quarantine, even when implemented promptly, did not modify the risk of household infection. However, because of our assumption
that quarantine aims to mitigate the risk posed by
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distance, combined with our ﬁnding that distance
itself was not an important risk factor for household
infection, we were unable to draw further conclusions
on the effect of quarantines.
In past Ebola outbreaks, quarantine has not been a
key component of infection control measures because
it is difﬁcult to implement perfectly and humanely,
meaning that individuals may be left without access
to basic needs, which may lead to mistrust of public
health ofﬁcials [5, 14]. This epidemic, however, was
unprecedented, and initial projections predicted an
exponential rise in cases, so response measures, such
as quarantine, differed from prior outbreaks [15–17].
Various forms of quarantine were used in West
Africa during this epidemic including household quarantine, village quarantine, and placement of exposed
persons in dedicated quarantine facilities separate
from residential areas [5, 6, 18]. When Ebola spread
to Nigeria in July 2014, for example, health ofﬁcials
utilized an observation unit to house ﬁve high-risk
Ebola contacts for the duration of their 21-day incubation period [18]. Some of these contacts had
crowded home environments, so the group quarantine
was deemed to pose a lower risk of Ebola transmission
than household quarantine. Nigeria had the resources
to implement this intervention with speciﬁc protocols
to protect those affected; however, authorities
acknowledged that ‘group quarantine of contacts in
a central location might not be workable on a large
scale’ [18]. Further studies are warranted to develop
an evidence base on the effect of quarantines during
the 2014 Ebola epidemic.

Limitations
Our study had several limitations. First, our study by
design evaluated household-level rather than individuallevel Ebola virus transmission patterns, which limited
our ability to incorporate individual-level risks.
Because distance between households is not a proxy
for distance between individuals, our ﬁndings can only
address the relevance of household-level, not personlevel, spatial characteristics. This design was appropriate because the ﬁeld investigation occurred during an
overwhelming outbreak with limited local resources,
so accurate, complete individual-level person-time
data were unavailable for this village. Without complete individual-level details, however, we could not
know when infectious individuals left each casehousehold (e.g. for admission to a healthcare facility
or because of death). Thus, we assumed in our models
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that once a household became a case-household, it
remained a potential source of infection to uninfected
households for the remainder of the observation period. We made this assumption in consideration of
the mean of 4·8 Ebola cases per case-household, and
local reports of extended intra-household transmission
chains. However, it is possible that some Village X
case-households identiﬁed earlier in the course of the
outbreak completed their infectious period before
the end of the study period.
Second, we were unable to evaluate the inﬂuence of
unmeasured complex social networks or events that
may have affected household risk of infection. Given
that Ebola transmission can occur through multiple
routes (e.g. point source exposure from a healthcare
setting or funeral attendance, exposure from interactions with residents of nearby case-households, or
exposure by interactions with residents of distant casehouseholds) it is not possible to differentiate the risk
of exposure from each potential route. Third, not having a comparison village limited our evaluation of the
effectiveness of speciﬁc interventions, such as household quarantine. Fourth, because our GEE evaluates
the risk using a distance metric calculated as an average measure for each household over the course of the
outbreak, our odds ratio for the effect of time assumes
a constant effect throughout the outbreak period,
rather than increasing during the initial portion of
the outbreak and then decreasing. Assumption of constant effect was necessary in order to build our models, and although the magnitude of the effect of time
changed, it was always a risk factor with an effect estimate of greater than one. Finally, our small sample
size may have limited the ability to fully assess potential risk factors.

Public health implications
This study depicted how integrating the assessment of
traditional risk factors with geospatial analysis can
improve our understanding of the complex dynamics
of transmission of a pathogen such as Ebola virus.
Our ﬁndings provide village-level evidence that time
and a greater number of persons per household
increased the risk of household acquisition of Ebola
virus, highlighting the importance of rapid case
ﬁnding, accurate case investigation, and with detailed
contact identiﬁcation so that potentially infectious
persons can be isolated from other members of the
household. Because the two households in Village X
that had greater than ﬁve times more residents than
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the other households in the village also had higher
intra-household attack rates, this suggests that prioritizing larger households during case ﬁnding might be
an effective strategy.
Our ﬁnding that distance was not an important risk
factor for household infection suggests that household
location is not an effective proxy for information gathered by thorough, in-person contact investigations.
Further, while our ﬁndings cannot precisely describe
the magnitude of the effect of household quarantine
if an effect is indeed present, they reinforce strongly
the importance of prompt, accurate contact monitoring during the incubation period of Ebola, so that
symptoms in contacts can be identiﬁed as early as possible and affected persons moved quickly to testing
and treatment. Our conclusions are consistent with
recent literature, including the strategy of rapid isolation and treatment of Ebola (RITE) in Liberia, which
emphasizes the necessity of quickly reaching patients
in remote areas. RITE was credited for reducing the
time to control outbreaks by half and doubling
Ebola survival rates [11].
The principle of least infringement, which offers
that ‘the least restrictive measures possible should be
taken to protect the public’s health’ can serve as a
reminder of the necessity to evaluate the efﬁcacy of
quarantines [19]. The task of balancing the protection
of population health and maintaining individual liberties is not a new dilemma, but the severity and complexity of the 2014 Ebola epidemic bring attention
to this challenging topic [15, 20].
Finally, GIS techniques can provide a mechanism
to incorporate spatial and temporal risk factors in
future outbreak investigations. Field use of GIS technology to the beneﬁt of public health is feasible
even in remote settings with limited resources in an
ongoing outbreak. Also, as seen in the online animation (online Supplementary Fig. SI), the detailed,
household-to-household spread of Ebola virus in this
village was much more complex than the village epidemic curve would indicate. Therefore, use of GEE
and GIS techniques in tandem with traditional risk
factor assessment offers a sophisticated method to
visualize and analyse complex household-level details
of transmission that can guide public health actions
and inform allocation of scarce resources.
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