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Abstract
Background: Meno�a governorate is one of Lower Egypt's governorates where the probability of zoonotic
transmission of the H5N1 pandemic was high. This study aimed to investigate the spatiotemporal
pattern, identify, and trace the highest risk clusters of HPAI H5N1 outbreaks at the subdistrict/village level
in Meno�a governorate, from 2006 to 2017 as a trial for tracking the HPAI H5N1 endemicity dynamics for
better establishment of effective disease control strategies at that level.

Results: The epidemic curve in Meno�a was similar to the national curve. Although the poultry population
in Meno�a was affected earlier than other places, the 1st Epidemic Wave (EW) started one week after the
initial outbreak in Egypt, the HPAI H5N1 outbreaks never initiated from Meno�a in all EWs. The outbreaks'
spatial risk increases at the northern governorate border with a decrease in the spatial risk by the 6th EW.
The hot spot region in Meno�a was found in rural districts, especially villages, while outbreak density
decreased with increased urbanization. Observed smoothed densities describe epidemic spread
dynamics where the infection spreads and connects many different locations inside the same city, before
jumping to new areas and directly connecting the nearest neighbor cities. The primary clusters could be
predicted since they occur in the same areas where the highest relative risk clusters were recorded in the
previous wave. Identifying continuous pinpointing clusters that persist for a long time, possibly spanning
months, indicates the local transmission of the virus among poultry due to contact and widespread
circulation. It is crucial to take early measures to prevent outbreaks at the initial sites before the outbreak
acceleration phase, in order to minimize the geographic spread and con�ne the infection to speci�c
areas. That suggests the need for the establishment of effective disease control strategies at the
subdistrict level based on a better understanding of the endemicity dynamics.

Introduction
Highly pathogenic avian in�uenza (HPAI) subtype H5N1 is a potentially serious pandemic virus
threatening the poultry industry in many developing countries because of its ability to evolve through
genetic drifts [1]. In 2006, Egypt was the second African country to report HPAIH5N1 infection in poultry
[2, 3]. Despite continuous governmental initiatives to limit the spread of the infection, HPAI H5N1 is
endemic and has sever impacts on poultry industry and public health [4, 5]. Egypt has the highest number
of HPAI H5N1 noti�cations of positive human cases between 2003 and 2017[6, 7] and the most
important epicenter for HPAI H5N1 epidemic in Africa [8].

In Egypt, HPAI H5N1clade 2.2 was discovered for the �rst time in poultry in February 2006, since then, it
has spread quickly across both backyard and commercial �ocks [2, 3]. Since 2006, four major epidemic
waves have been published in the poultry population [9]. Clade 2.2.1 was detected in all strains collected
during the �rst wave between 2006 and 2007 [10], with the emergence of a new variant (clade 2.2.1.1),
which was thought to be vaccine-driven [9]. HPAI H5N1 continued to spread among vaccinated backyard
and commercial poultry initiating the second epidemic wave that lasted until 2008 and causing sever
social and economic losses[11]. Egypt had been declared an Avian in�uenza endemic country in 2008
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with the continuous evolution of the viruses [12]. Between 2008 to 2011, H5N1 variant clade 2.2.1.1 split
into two different clusters (2.2.1.1 and 2.2.1.1a) [13]. The �rst cluster (2.2.1.1) was circulating from late
2007 till 2009, while the second cluster (2.2.1.1a) emerged in 2008 and persisted until 2011. Since then,
no other instances of these variant clusters have been found [13]. However a new variant cluster was
reported (subclade 2.2.1.2) in the early 2014, no signi�cant alterations were found in the circulating
viruses until 2016 [14, 15].

Egypt has a substantial poultry production sector where most poultry production is from Lower Egypt [9].
The majority of reported outbreaks in poultry were concentrated in the Nile Delta region, where high
densities of poultry populations and activities were declared alongside an existing dense human
population [9, 16–19]. Menou�a governorate has the highest number of poultry cases compared with
other Egyptian governorates [19, 20]. It possesses the most productive land of the delta, where most of
the population lives in villages and small towns. Agriculture is the principal occupation, employing more
than 60% of the workers, and agricultural activities are supporting the dense rural population [21]. One of
the agricultural activities is poultry breeding and live bird marketing, either small commercial poultry
farms or backyard poultry. Backyard poultry in rural regions is a signi�cant source of affordable protein
and small businesses' �nancial resources [17].

Furthermore, the various well-structured poultry production sectors present in the Meno�a governorate
lack adequate production capabilities to meet the signi�cant nutritional needs of the population. As a
result, there has been a rise in unregistered and disorganized concentrated small-scale poultry producers,
posing a signi�cant risk for the occurrence and spread of poultry diseases. (Sheta et al., 2014).
Unregulated production and of both commercial and household poultry, HPAI H5N1 infection is circulated
without geographical barriers [9, 22, 23]. Although a higher rate of HPAI H5N1 outbreaks had been noti�ed
since 2006 in the Nile Delta region, it doesn’t fully re�ect the true widespread endemic situation of the
virus in the region due to the prevailing policy of under-reporting of the disease in the commercial sector
in an attempt to protect their business interests and to prevent the mass culling of poultry stocks [20, 24].

The absence of detailed meaningful epidemiological investigations is a major obstacle, hindering the
integrity of established control strategies [24]. This absence urges the appearance of certain studies
concerned with both the temporal and spatial patterns of HPAI H5N1 outbreaks in different Egyptian
governorates [7–9, 17, 22, 25–27]. Spatio-temporal analysis of HPAI H5N1 had been performed to reveal
the geographic distribution, spatial and temporal dynamics of the HPAI outbreaks in India [28]. Due to the
lack of granular data for outbreaks, scan statistics were used to enable the detection of clusters and
guide disease control intervention [28].

Aggregated data at country/sub-district centroids may occasionally mask smaller clusters with high risk
[19, 29]. As a result, the detection of the spatial cluster of outbreaks could have been made accurately
when involving �ner detailed data in sub-districts within villages, and more reliable surveillance data in
addition to up-to-date reported outbreak data [28]. This study aimed to investigate the spatiotemporal
pattern, identify, and trace the highest risk clusters of HPAI H5N1 outbreaks in Meno�a governorate, from
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2006 to 2017. This is a trial for tracking the HPAI H5N1 endemicity dynamics for better establishment of
effective disease control strategies at subdistrict/village level.

Data and methods

Description of the Study Area
The Nile delta region is about 40,000 km2 where more than half of Egypt's inhabitants live along with
large numbers of poultry that are raised, traded, and consumed [30]. The scope of this study is Menou�a
governorate, reported to have the highest disease incidences of HPAI [13]. Menou�a is one of the leading
poultry-producing governorates in Egypt [31], where registered and unregistered commercial farms were
found, in addition to the backyard which are random dispersed small-sized household �ocks of mixed
birds of different species and different ages with various vaccination protocols [32, 33].

Data collection
In Meno�a, 659 con�rmed events of HPAI-H5N1 outbreaks in domestic poultry were o�cially reported to
the Global Animal Disease Information System (EMPRES-I) provided by FAO [FAO, 34], and the Egyptian
ministry of agriculture (General Organization For Veterinary Services) o�cial reports for national
surveillance from January 2006 to December 2017.

All data were integrated into one dataset and the villages were used as an administrative unit.

The term outbreak was de�ned as 'the con�rmed presence of disease with a clinical expression or not, in
at least one individual in a de�ned location during a speci�ed period’ [35]. The epidemic date and the
outbreak centroids were utilized as spatiotemporal characteristics of each outbreak. The governorate
map was constructed by (ArcGIS) to facilitate the presentation of data and the interpretation of results.

Method of analysis
Daily, weekly, and monthly epidemic curves, were constructed to display outbreak magnitude and
temporal trends of HPAI-H5N1 outbreaks. An epidemic wave (EW) is a number of disease outbreaks that
rapidly peaked and then gradually decreased till the end of the epidemic [36], and the number of
outbreaks was calculated for each EW.

The interpolation tools were used to study the HPAIH5N1 outbreak risk. A raster risk map displays the
interpolated surface, providing predictions for each location. The geostatistical analysis surface was
derived using ordinary kriging by weighting the surrounding of the reported outbreak events to derive a
prediction for the unreported locations. The general formula is formed as a weighted sum of the data
values [37]:

Ẑ (S0) =
n

∑
i=1

λiZ (Si)
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where:

Z(si) = the reported outbreaks at the ith location

λi = an unknown weight for the number of outbreak events at the ith location

s 0  = the prediction location

n = the number of outbreak events

Spatially kernel density analysis (KDE) is a simple non-parametric technique that relies on a few
assumptions about the structure of the observed data [38]. It is equivalent to a simple diffusion model
that is a useful approximation to patterns of distribution frequently found in ecological data [39]. KDE
was used to identify high-density areas [40]; run in Environmental Systems Research Institute ArcMap
10.5 software using reported cases to generate a density surface for each EW.

The quartic kernel function [41, 42] is given by:

where:

1. i = 1,…,n are the input points.
2. di is the distance between the point s and the observed event in location,
3. si and τ is the radius centered on s.

The formula to calculate the bandwidth is as follows [ESRI, 43]:

where:

SD is the standard distance

Dm is the median distance

n is the number of points if no population �eld is used, or if a population �eld is supplied, n is the
sum of the population �eld values

Kernel density maps for the total number of cases were plotted for each EW to visualize the risk for the
disease. Default cells and the output were selected in Square kilometers (Km2).

ˆi (S) = ∑
di≤τ

(1 − )

2
3

πτ2

d
2
i

τ 2

SearchRadius = 0.9 ∗ min(SD,√ ∗ Dm) ∗ n
−0.21

In (2)
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Retrospective space-time permutation scan statistics were performed to detect the Spatio-temporal
clusters for each EW by investigating whether the outbreaks were interrelated in space and time using
(SaTScan 8.2.1 software) [44–46]. The scanning window was a cylinder with the spatial and temporal
dimensions as circular base and height, respectively. The temporal scanning window was set to < 50% of
the study period in each EW and a maximum of 50% of outbreaks were allowed in the spatial scanning
window [47].

The likelihood ratio statistic was used to evaluate the possibility of a true spatiotemporal cluster in a
window. The window with the maximum likelihood ratio statistic was considered the primary cluster while
the remainder were considered secondary clusters. Their statistical signi�cance was tested through
Monte Carlo simulations of 999 replications [47]. The time units of day, week, and month were used,
respectively.

ArcGIS 10.5 software was used to overlay results from different methods in a map for visual
comparisons (ESRI, Redlands).

Results

Temporal distribution of HPAI H5N1 outbreaks in Meno�a
governorate, Egypt
Six epidemic waves (EW1-6) of H5N1 outbreaks were noted throughout the study's period (2006–2017)
Fig. 1. The 1st EW, in which the governorate reported 66 outbreaks, lasted for about three months, Fig. 1,
started in February 2006, peaked in mid-March 2006, and ended in May 2006. In Fig. 1. the 2nd EW began
on the 21st of November 2006, peaked in last December 2006, and ended in mid-April 2007, with 57
estimated outbreaks that lasted for four months. The third epidemic wave (3rd EW), Meno�a governorate
reported 30 outbreaks that lasted for three months, Fig. 1, began on December 2nd, 2007, peaked in the
period from 22 December 2007 to 20 January 2008, and ended in mid-March 2008. The fourth epidemic
wave (4th EW) considered one of the longest epidemic waves that re�ects the endemic situation, started
on December 16th, 2008, and ended on February 11th, 2012. Multiple consecutive peaks of the HPAI
H5N1 outbreaks were continuously reported for more than three years with 378 reported outbreaks, Fig. 1.
Four epidemic cycles were found, the �rst of which lasted from January 2009 to August 2009, the second
of which lasted from January 2010 to August 2010, the third of which lasted from January 2011 to
August 2011, and the last one peaked in January 2012. The �fth epidemic wave (5th EW) started in
September 2012 and ended in late May 2013 with multiple consecutive peaks reported in October 2012,
late November 2012, early February 2013, and mid-April 2013, with 58 reported outbreaks. While the sixth
epidemic wave (6th EW) started in October 2013 and recorded 70 outbreaks continuously to December
10th, 2016. There was only one de�nitive peak observed in February 2015, Fig. 1.

Figure 2., and Fig. 3 declare the distribution of the numbers of outbreaks for each one of the six epidemic
waves by localities. During the whole period of the study (Fig. 2A), the highest numbers of outbreaks have
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been reported in Ashmun, Minuf, and Qwesna respectively. The second-highest category is
Berkat_ElSabae, ElBagur and Shibin_ElKom followed by the third-highest category of Tala, ElShohadaa,
and Sadat_City (Fig. 2A). According to Table 1, and Fig. 2B, most outbreaks in the 1st EW have been
reported in Qwesna, Berkat ElSabae, and Ashmun with 34.8%, 18.2%, and 16.7% of total cases,
respectively. As seen in Table 1, and Fig. 2C the largest number of outbreaks have been reported in the
2nd EW, were found in Berkat ElSabae, Minuf, and Shibin_ElKom with 28.1%, 15.8%, and 12.3% of total
cases, respectively. The areas with the most outbreak noti�cations in 3rd EW are Ashmun, Shibin_ElKom,
and Tala, with 33.3%, 26.7%, and 13.3% of total cases, respectively (Table 1 and Fig. 2D). The highest
numbers of outbreaks in the governorate have been noti�ed in 4th EW in Minuf, Ashmun, and Qwesna
with 24.6%, 17.7%, and 14% of total cases, respectively (Table 1 and Fig. 2E). Ashmun has been reported
to have the most outbreaks in the Meno�a governorate in 5th EW with 43.1% of total cases, followed by
Qwesna with 34.5% of total cases (Table 1 and Fig. 2F).  The Meno�a governorate has received the most
outbreak noti�cations in Ashmun, Minuf, and Shibin_ElKom, correspondingly in 6th EW with 34.3%,
22.9%, and 12.9% of total cases, respectively (Table 1 and Fig. 2G).

The spatial pattern of HPAI H5N1 outbreak in Meno�a
governorate, Egypt
Spatial distribution of HPAI H5N1 outbreaks in Meno�a governorate illustrated in Fig. 3, divided into six
EW (epidemic waves) and depicted in the village-based map for visual comparison using ARCGIS 10.5
software (ESRI, Redlands, CA, USA).

Based on the raster risk map in Fig. 4, which displays the interpolated surface based on ordinary kriging,
provides predictions of outbreak occurrence risk for each location in the Meno�a governorate at each EW.
Berkat ElSabae and Qwesna in the northeast border of the governorate were determined to have the
highest predicted risk of HPAI H5N1 spatial occurrence in the 1st EW. In the next occurred wave, the
outbreaks spread all over the governorate with a generally high density, the highest predicted risk was
observed in the northeast part of the governorate (Berkat ElSabae and Qwesna cities) and extended risk
to the center of the governorate (Minuf, ElShohadaa, and Shibin_ElKom cities) to Ashmun city. While at
the 3rd EW, the northeast part of the governorate (Berkat ElSabae and Qwesna cities) had the lowest
predicted risk of HPAI H5N1 occurrence. The spatial highest predicted risk was noted in the northwestern
borders of the governorate (Tala city), extended to the center (Shibin_ElKom city), and down to Ashmun
city. In the 4th EW, the outbreaks spread with the highest predicted risk at the north governorate borders.
While in the 5th EW, the outbreaks spread all over the governorate with the highest predicted risk at the
north and south governorate borders. However, in the 6th EW, a generally low density was detected with
the highest predicted risk at Minuf, and ElBagur.

In the current study, outbreak density and cluster analysis of HPAI H5N1 outbreaks over six epidemic
waves in Meno�a governorate were depicted in Table (2, 3) and Fig. (5). Outbreak density in the Meno�a
governorate was determined by adaptive kernel density estimation, highlighted in monochromatic grey
(the higher the density, the darker the color) and outbreaks were represented by green dots. The �rst
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epidemic wave (1st EW) of outbreaks in the Meno�a governorate had the highest outbreak density in
Qwesna and Shibin_ElKom, while the second epidemic wave (2nd EW) had outbreak densities in Qwesna,
Berkat ElSabae, ElShohadaa, Minuf, and Ashmun. The spread of the outbreak density during the third
epidemic wave (3rd EW) covered Tala, Berkat ElSabae, Shibin_ElKom, and Ashmun. In the fourth epidemic
wave (4th EW), the outbreaks covered the whole governorate with the highest densities found at Qwesna,
Berkat ElSabae, ElBagur, and Ashmun. While in the �fth epidemic wave (5th EW), the spatial distribution
of outbreaks was con�ned to Qwesna and Ashmun. By the sixth epidemic wave (6th EW), Qwesna,
Shibin_ElKom, ElShohadaa, Minuf, and Ashmun had shown a high outbreak density.

Spatiotemporal clusters
Clustering is an aggregation of diseases in space and/or time in amounts that are believed to be greater
than could be expected [48]. To determine the outbreak clusters at each EW, spatiotemporal cluster
analysis is performed. The current study couldn't take into account various control measures, detection
bias, or even changes in the demographic features of at-risk groups, and that is considered one of its
limitations. Tables (2,3) and �gure (5) provide a detailed description of the location and the extent of
different clusters in the Meno�a governorate. 

Throughout the six epidemic waves in the Meno�a governorate, there were spatial patterns and
spatiotemporal clusters of HPAI subtype H5N1 outbreaks that occurred on a daily, weekly, and monthly
basis. Signi�cant spatiotemporal clusters detected from the space-time permutation scan statistics are
represented by the most likely cluster (red circle) and by a secondary cluster (blue dashed circles) in
tables (2, 3) and �gure (5).

Based on the daily and weekly outbreak data, the primary cluster, and the most likely occurring one in the
1st EW, was found in Tala city at the end of the wave. The secondary cluster in Tala city was also
detected as the highest relative risk cluster, in addition to the one found in Tala, ElShohadaa,
Shibin_ElKom, Minuf, Qwesna, and Berkat ElSabae at a 26.37 Km radius, based on monthly outbreak
data. During the 2nd EW, the primary cluster of radius 6.56 km was observed in Tala, ElShohadaa, and
Shibin_ElKom at the end of the wave, based on weekly and monthly outbreak data. While the primary
cluster based on the daily outbreak data was observed in the same cities but with a bigger radius of
12.60 Km including Minuf city. The secondary clusters covered the whole governorate during 2nd EW, and
the highest RR clusters were observed in small villages in Ashmun, ElBagur, and Shibin_ElKom.

In 3rd EW, the daily based outbreaks showed a primary cluster at the end of the wave of a 6.87 Km radius
in ElBagur and Ashmun, while with the monthly outbreaks, the primary cluster and the most likely
occurred one was found in Ashmun of a smaller radius (2.14 Km radius). Although the primary cluster
with weekly outbreaks was detected in ElBagur, Shibin_ElKom, Qwesna, and Berkat ElSabae with a 9.29
Km radius at the end of the wave. The secondary clusters predominate the majority of the cities, and the
most likely occurred clusters were found in the villages of Shibin_ElKom, Ashmun, Berkat ElSabae, and
Tala. The primary cluster in 4th EW was located in ElBagur, Qwesna, and Shibin_ElKom at the middle of
the wave, characterized by a 10.21 Km radius size as shown in Fig. 5, based on daily and weekly outbreak
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data. While the analysis of monthly-based outbreaks showed a primary cluster of a smaller radius size of
5.17 Km in Qwesna and Berkat ElSabae. The secondary clusters occurred consecutively -one following
the other- to cover the whole governorate geographic surface during the whole period of 4th EW. The
secondary clusters of the highest relative risk were found mainly in Minuf and Tala.

At the end of the 5th EW, the primary cluster of a 14.01 Km radius was observed in Minuf, Ashmun, and
ElBagur based on weekly outbreak data. The monthly based outbreaks showed smaller primary clusters
of 6.46 Km in the same cities with the highest relative risk. While the primary cluster based on the daily
outbreak data includes only Shibin_ElKom and Qwesna within a 4.04 Km radius. The highest relative risk
(RR) secondary clusters were determined in Tala, Berkat ElSabae, Ashmun, and Minuf.

In the 6th EW, the primary clusters were observed to occur anytime during the wave with analysis of daily,
weekly, and monthly outbreak data with secondary clusters that cover the whole governorate. The daily-
based outbreaks showed primary clusters of a 7.97 Km radius in Minuf, and Ashmun at the end of 2014.
While the monthly-based outbreaks showed a primary cluster of a 10.06 Km radius in Minuf,
Shibin_ElKom, and ElBagur from January 2015 and lasted six months. The primary cluster according to
the weekly based outbreak was detected in Tala, Berkat ElSabae, and Shibin_ElKom of a 6.02 Km radius
at the end of 2015. Secondary clusters of high relative risk (RR) were determined in Ashmun, Qwesna,
ElShohadaa, Shibin_ElKom, ElBagur, and Minuf which are almost all cities of the Meno�a governorate.

Discussion
Our study aimed to investigate the spatiotemporal pattern, identify, and trace the highest risk clusters of
HPAI H5N1 outbreaks at the subdistrict/village level within the Meno�a governorate, from 2006 to 2017
as a trial for tracking the HPAI H5N1 endemicity dynamics for better establishment of effective disease
control strategies at that level.

Epidemic waves of HPAI H5N1 outbreaks in Meno�a
governorate
Six epidemic waves (EWs) were represented by different time scales of day, week, and month and showed
similar patterns indicating the strong epidemic feature of HPAI subtype H5N1. The duration of the EWs (1
to 6) was 3, 5, 3, 38, 7, and 39 months, respectively as illustrated in Fig. 1. The epidemic curve in Meno�a
follows the same patterns of six Egyptian epidemic waves according to previously published studies by
[19, 49], and a global study by [50]. There is a noninterpreted epidemic cycle of the disease with the peak
of the outbreaks at each EW usually found in December and January. The epidemic curve is
characterized by a short vertical span and a long horizontal span con�rming the endemic situation and
suggesting an increase in outbreaks' spatial distribution over time in the governorate. According to the
epidemic waves of HPAI H5N1 outbreaks in Egypt described by Y Elsobky, G El Afandi, A Salama, A
Byomi, M Omar and M Eltholth [19], the poultry population in Meno�a was the �rst to be affected since
the 1st EW in Meno�a governorate started one week after the disease's initial introduction in Egypt and
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ended two months before the end of Egypt's �rst recorded epidemic wave. The 2.2.1 clade is the �rst
described clade in the 1st EW, and it remained during the 2nd EW and 3rd EW. Besides the 2.2.1.1 clade
that started in the 2nd EW was also represented during the 3rd EW then the disease became endemic in
2008 [51]. The 2nd EW, 3rd EW, 4th EW, and 5th EW in the Meno�a governorate started one month after
the start of the Egyptian epidemic waves. Although the 2nd EW, 3rd EW, 4th EW, and 5th EW in the
Meno�a governorate ended almost three months before the end of the Egyptian epidemic waves.
Although the HPAI H5N1 outbreaks never being initiated from Meno�a in all epidemic waves, it was
considered one of the highest governorates to record outbreaks during those periods according to Y
Elsobky, G El Afandi, A Salama, A Byomi, M Omar and M Eltholth [19]. This is probably because of the
highest density of poultry population in the governorate. Our analysis indicates that the best control
strategies should be directed to prevent the outbreak at the sites where the initiation phase starts before
the outbreak acceleration phase.

Meno�a governorate reported the highest outbreaks number during the 4th EW in Egypt with two recorded
clades, clades 2.2.1.1a and 2.2.1.2 in association with the noti�cation of H9N2 for the �rst time in 2009
[19, 51]. After that time, the 2.2.1.2 clade continues to circulate and show progressive adaptation to the
poultry population [51]. It was also observed that during the 4th EW, outbreaks were �rst recorded in
warmer months. In 4th EW, epidemic cycles are characterized by a wider horizontal span that re�ects the
longer circulation of the infection in the area. It is observed that the peaks of those epidemic cycles were
earlier compared to the peaks of the fourth epidemic wave of Egypt, empathizing emerging of new clades
from Meno�a governorate. This would refer to the thermostability of newly emerged clades that can
survive at warm temperatures [52]. It emphasizes the viral ability to maintain endemicity through
adaptation [53]. Continuous noti�cation of the outbreaks for more than half a year in 5th EW with the
peaks without any clear patterns and with changes to the usual epidemic cycles, a way that con�rms the
viral adaptation and endemicity with the clades 2.2.1, 2.2.1.1a, and 2.2.1.2 were represented during the
last two epidemic waves, this �nding in agree with R El-Shesheny, A Kandeil, A Mostafa, MA Ali and RJ
Webby [51]. The epidemic curve ended up with the 6th EW, without showing any de�nitive peak or any
clear patterns at this period which is not re�ecting the �eld situation of HPAI H5N1 outbreaks at that time.
It probably could be due to the under-noti�cation and weakness of the surveillance system to identify
outbreaks. The same results of the 6th EW in Egypt by Y Elsobky, G El Afandi, A Salama, A Byomi, M
Omar and M Eltholth [19].

The spatial pattern of outbreak density in Meno�a
governorate:
According to the majority of published studies on the geographic distribution of HPAI H5N1 in Egypt, the
majority of poultry outbreaks are primarily concentrated in the densely populated Nile Delta region, with
lower densities in upper Egypt [7, 11, 19, 54] where located dense concentration of poultry stocks and
human population [16]. More than half of the Egyptian population is in close contact with raised poultry
in the Nile Delta region [27]. As a result, Meno�a governorate was one of Lower Egypt's governorates
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identi�ed as a signi�cant substitute that would raise the probability of zoonotic transmission of the H5N1
pandemic, according to [7] study.

In Fig. 4, the HPAI H5N1 outbreaks' spatial risk increases at the governorate borders with the other
provinces, especially the northern governorate border. Also, the risk increases in the areas that contain
many small unlicensed farms and backyard poultry. These areas are believed to be randomly distributed
in most of the Meno�a cities. By the 6th EW, the spatial risk generally decreased because of the under-
noti�cation of the outbreaks. This requires the need for improving active surveillance and developing
adequate synchronization between Egyptian governorates, so each one of them should be informed when
an outbreak occurs in neighboring areas. A quick response plan to prevent disease spreading should
include protecting borders, quarantining the villages where the outbreak occurs, hygienic disposal of dead
birds, preventing the transportation of live birds, and live bird markets. Besides, maintaining proper
vaccination coverage with proper biosecurity measures. Since HPAI H5N1 virus can survive and remain
infectious at low temperatures for long periods in water or bird feces, for up to 102 days at 28˚C or up to
207 days at 17˚C in contaminated water [55], for 7 days at 20˚C and 30–35 days at 4˚C in liquid bird
feces [56].

From kernel densities in Fig. 5, the hot spot region in Meno�a is found in rural districts especially villages
inside the delta region, it appears with the highest outbreak density in all the six epidemic waves. This is
because of the relatively high number of household poultry, unorganized markets, registered and
unregistered small poultry farms. While outbreaks density decreased with increased urbanization, that
explains the lower densities found in localities with expanded urbanization such as main city zones and
industrial zones such as Sadat City (a newly established urban community and one of the largest
industrial cities in the country) as described by Ga� [57]. The observed smoothed densities describe the
epidemic spread dynamics where the infection spreads and connects many different locations inside the
same city, before jumping to new areas and directly connecting the nearest neighbor cities, the same as
illustrated by [58]. This perspective indicates that the control measure is not effective in localizing the
infection and controlling the outbreak spread. This refers to the importance of early actions to control the
spread of disease successfully.

All the primary clusters in the �rst �ve EW as illustrated in Fig. 5, tables 2, and 3 are detected in the middle
or at the end of the wave and mostly are the same areas of the highest relative risk clusters that occurred
with the previous wave. They were also found in the hot-spot region while the location and the size of the
cluster varied with each EW. The way it could be predicted to be controlled at the beginning of the wave is
by more intense and strict actions in those areas to compress the spatial spread of the disease. In the last
three EW, the secondary clusters appeared to occur consecutively to cover the whole governorate
geographic surface. At the last EW, the primary clusters were observed to occur anytime during the wave
with secondary clusters of high relative risk (RR) that cover the whole governorate. It is concluded from
cluster analysis that outbreak clusters can be expected everywhere and anytime in the governorate and
can last for an extended period that could be months. The distance between different clusters is short ( 2
km) with a time interval of ( 1 week) con�rming the consecutive nature of the clusters, along with many
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pinpointing clusters indicating the local spread through contact and the extensive circulation of the virus
in the poultry population without successful interventions.

The applied control measures may have a short-term effect in lessening the disease spread and are
ineffective in the spatial compressing of the disease or even controlling its epidemic strategy [1, 59]. This
constitutes the need for the establishment of effective disease control strategies at the subdistrict level
within each governorate based on a better understanding of the endemicity dynamics. Besides, the
Egyptian veterinary authorities should evaluate their control strategies continuously and test them
frequently with real �eld data [49]. While it is exceedingly challenging to get con�rmed data of HPAI H5N1
outbreaks that represent the real �eld situation to be utilized in such epidemiological studies due to lack
of noti�cation, indirect effects of vaccination strategies, and/or compensation measures [19, 30, 49, 60,
61].
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Figure 1

Epidemic curves of outbreaks of highly pathogenic avian in�uenza subtype H5N1 in Meno�a governorate
from January 2006 to December 2016, illustrating A) daily, B) weekly, and C) monthly frequency of
outbreaks as a function of time. Vertical lines delineate the six epidemic waves

Figure 2
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A) Spatial Distribution of HPAI H5N1 outbreaks in Meno�a governorate in the period from 2006 to 2016
(B, C, D, E, F, and G are representing the six epidemic waves).

*Vertical axis represents the cities, while horizontal axis represents the total no. of outbreaks.

Figure 3

Spatial distribution of HPAI H5N1 outbreaks in Meno�a governorate were divided into corresponding
subsets according to the epidemic waves and depicted in the village-based map for visual comparison
using ARCGIS 10.5 software (ESRI, Redlands, CA, USA).
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Figure 4

Raster risk map showing interpolated spatial prediction surface of HPAIH5N1 outbreak risk, based on
ordinary kriging with ArcMap version 10.1 (ESRI, Redlands, CA, USA). Daily outbreaks of highly
pathogenic avian in�uenza subtype H5N1 over six epidemic waves were represented by light green dots
and outbreak Relative risk from spatial analysis highlighted in monochromatic red (the higher the risk, the
darker the color).
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Figure 5

Spatial patterns and spatio-temporal clusters of daily, weekly, and monthly based outbreaks of highly
pathogenic avian in�uenza subtype H5N1 over six epidemic waves in Meno�a governorate. Outbreaks
represented by light green dots and outbreak density from adaptive kernel density estimation highlighted
in monochromatic grey (the higher the density, the darker the color). Signi�cant spatio-temporal clusters
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detected from the space–time permutation scan statistics are illustrated by the most likely cluster (red
circle) and by a secondary cluster (blue-dashed circles).
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