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Abstract

Background In April 2019, Mozambique was hit by Cyclone Idai leaving substantial damage to infrastructure

and nearly two million people in need of humanitarian assistance. Malaria risk has been associated with living

in a rural setting, vicinity to water, and household structure, all factors which are impacted by severe storms. This study
quantified the association between damage to infrastructure (health care facilities and schools) following Cyclone Idai
and malaria outcomes: malaria incidence, severe malaria, and administration of intermittent preventative treatment

in pregnancy (IPTp) in Sofala Province, Mozambique.

Methods To quantify infrastructure damage, historical satellite imagery was assessed visually using Google

Earth Pro®. Damage to 66 school and 105 health centres was assessed for severity and duration. Location data
was imported to QGIS and joined with district level data on malaria outcomes and environmental covariates. Mul-
tivariable Poisson regression models were used to quantify the associations between facility damage and malaria
incidence and severe malaria. Generalized linear models were used to determine the association between facility
damage and changes in malaria incidence and administration of IPTp from 2018 to 2019.

Results An increase in facility damage was associated with an increase in malaria incidence and severe malaria.
An increase in proportion of facilities damaged by 10% was associated with a 7.3% (95% Cl 6.8-7.8%) increase

in malaria incidence. Risk of severe malaria was 2.16 (95% Cl 1.42-3.32) times higher in districts with any damage
compared to those with no damage. However, proportional facility damage was associated with decreased malaria
incidence and increased access to IPTp from 2018 to 2019, but these were not statistically significant.

Conclusion An increase in proportion of facilities damaged following Cyclone Idai was associated with increased
risk of malaria and severe malaria at the district level. This may be a function of decreased access to healthcare
and an increased exposure to risk factors for malaria. A non-statistically significant decrease in malaria incidence

*Corespondence was also found at the district level from 2018 to 2019, indi-
Kelly M. Searle cating that malaria may have been underreported in 2019,

ksearle@umn.edu likely again a function of decreased access to healthcare.
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Background

On March 14, 2019, Cyclone Idai made landfall in
Mozambique’s second largest city, Beira, making its
way through Mozambique’s Sofala province into Man-
ica province and eventually into Zimbabwe. Following
Cyclone Idai, it was estimated that across Mozambique
1.85 million people were in need of urgent humanitarian
assistance [1]. Destruction of homes, and flooding led to
immediate displacement of families, leading to a higher
risk of injury, and increased food insecurity. These factors
compound on each other, increasing the risk of morbid-
ity and mortality in areas most impacted by the storm.
Increased malnutrition, poor housing quality, and expo-
sure to nearby bodies of water are risk factors of malaria
[2, 3]. Following Cyclone Idai, UNICEF expressed con-
cerns regarding the risk of increased malaria incidence.
In an effort to curb the anticipated increase in malaria
cases, efforts to distribute insecticide-treated bed nets
(ITNs), conduct indoor residual spraying of insecticide
(IRS) and import additional malaria treatment in areas
affected by the cyclone began [4, 5].

The World Health Organization (WHO) has a goal
of 90% reduction in malaria incidence and elimination
in 35 countries [6]. Mozambique accounts for 4% of
global malaria cases with a countrywide prevalence of
32% as of 2020 [7]. The national prevalence of malaria
is down from 49% in 2000, however increased from 30%
in 2019 [7]. The prevalence of malaria in Mozambique’s
Sofala Province was 31% in 2011 and in 2018 the prev-
alence of malaria in children under five was 29% [8, 9].
Malaria is considered endemic to Mozambique, but fol-
lows seasonal trends of the wet and dry season with more
cases occurring in the wet season between November
and March [10]. Understanding changing dynamics in
malaria transmission that may occur following severe
weather are essential to limit the burden of and control
malaria in Mozambique. There is evidence that a combi-
nation of factors, including rising sea levels are leading
to more severe tropical storms coming out of the Indian
ocean [11]. Parts of eastern Africa saw increased rainfall
throughout 2019, which was attributed to rising surface
water temperatures throughout the Indian ocean [12].
Assuming changing weather patterns will continue to
impact malaria transmission, it is important to under-
stand the association between severe storms and malaria
transmission in order to lead successful malaria control
campaigns.

Following Cyclone Idai, the number of people in need
of humanitarian assistance was indicative of those liv-
ing without the normal safety of their home and subse-
quent protection from elements and mosquitoes. Living
in a rural setting has been established as a risk factor
for malaria with those in a rural setting having a near
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three-fold increase in their risk of malaria [8]. Defining
a rural and urban setting can be challenging, but factors
which can be considered in Mozambique include: access
to healthcare, proximity to nearby water, and housing
quality. The damage resulting from Idai put people living
in an urban environment at risk for exposure to factors
associated with malaria more often associated with rural
communities. Living in a house with a thatched roof,
earth floors, or mud walls is associated with an increased
risk in malaria transmission compared to more modern
housing [13]. According to the 2007 census, 21.4% of res-
idents in Sofala were living in houses with a modern roof
and only 15.8% were living in houses with modern walls
[14]. Comparatively, in Beira District, 90.1% were living
in a house with a modern roof and 59.6% were living in a
house with modern walls [14].

Access to nearby healthcare is concern in the risk of
the progression to severe malaria. A study completed
in Yemen found that living further than two kilome-
tres or a ten minute drive from a healthcare facility can
lead to an increased risk for a severe malaria infection
[2]. Prior to cyclone Idai, 50% of people in Mozambique
lived further than 20 km from the nearest health centre
[15]. Petricola et al. [16] determined that up to 1.03 mil-
lion people across Mozambique saw increased walking
times to health facilities, in some cases over five hours,
and up to 800 thousand individuals saw an increase in
drive time to a health facility following Idai. Damage to
general infrastructure increased travel time to a health
centre further increasing this burden following Idai [15].
Along with damage to general infrastructure, observed
damage to healthcare facilities meant that the few health
care facilities were no longer accessible following Idai,
further decreasing access to healthcare in affected areas.
Decreased access to healthcare following Idai may have
contributed to the burden of malaria in Mozambique’s
Sofala province due to an increased risk of severe malaria.

It is feasible to expect that the prevalence of malaria
in Sofala was impacted by Cyclone Idai as a result of
increased exposure to malaria risk factors. Reports
expressed that there was an increase in malaria cases fol-
lowing the cyclone, however there are limitations in the
quantification of these statements. UNICEF reported
nearly 15,000 cases of malaria in Sofala province in the
month following Idai as well as concerns of increase
transmission due to excessive standing water; another
source cited an “increased wave of infection” [5, 15].
Mugabe et al. [15] showed that in the months following
Idai there was a decrease in suspected malaria cases com-
pared to 2018 for four districts within Sofala. This was
followed by a peak in suspected cases in May and June
for these four districts, but there was not consistent evi-
dence that case numbers through the year differed from
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2018 numbers in each district. Challenges to properly
quantifying incident malaria cases immediately following
Idai may have also been a function of decreased access to
healthcare and subsequent underreporting of infections.

This study focused on the damage to healthcare facili-
ties and schools as a proxy for general infrastructure
damage as well as a mechanism to model access to health-
care. The primary goal was to quantify how damage to
infrastructure following cyclone Idai may have impacted
susceptibility to malaria infection. Additionally, as dam-
age to healthcare facilities was assessed as a predictor
for malaria incidence, inferences can be drawn regarding
decreased access to healthcare following cyclone Idai and
malaria outcomes. Decreased access to healthcare, due to
damaged facilities, was assessed as a predictor of severe
malaria as well as completion of preventative treatment
in pregnant people. All analysis of malaria related out-
comes and their association with damage to facilities was
completed at a district level.

Methods

Data collection

The primary exposure of interest analysed was damage to
schools and health care facilities. A list of schools within
Sofala Province was acquired from Open Street Maps and
a list of health care facilities was acquired from a data-
base published by Maina et al. assembled and published
in 2019 [17]. These databases were used as a starting
point for clinics and schools within the province; further
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inspection in Google Earth Pro® found that some GPS
points representing clinics in this source appeared mul-
tiple times or the GPS locations did not fall on or near a
clinic. The list of schools was limited and mostly covered
schools in or near Beira. To supplement this list a search
for “Schools” and “University” was completed in Google
Earth Pro® [18]. Each point from Open Street Maps
was examined, if there was not a health centre or school
clearly associated with the GPS point a search was com-
pleted in Google Earth Pro® for that location by name.
Additionally, if there was a clinic or school which was not
in the Open Streets database but did show up while visu-
ally scanning Sofala province a point was marked, and
the school or clinic was recorded. Each point associated
with a school or health centre was labelled with a point
marker in Google Earth Pro®. Each point was assigned
unique identifying number in the order that they were
assessed, and the facility name was recorded.

Analysis of damage to health centres and schools was
assessed using historical satellite imagery available in
Google Earth Pro®. Imagery of buildings from March
2019 or earlier was compared to imagery from April 2019
or later for evidence of either damage to a roof or clear
evidence that a new roof had been installed shortly fol-
lowing the storm. Damage to the roof was qualified as
clearly missing portions of the roof or if there were sec-
tions of the roof which were clearly new, such as brighter
colored roofing material compared to older images or the
rest of the roof (Fig. 1). Damage to buildings was assessed

Fig. 1 Pre and Post Cyclone Imagery of a rural health centre in Nhangau, Mozambique. Image A is taken from satellite imagery in March 2019
prior to Cyclone Idai. Image B was taken in July 2019 following the cyclone. There was blurry imagery from April 2019 that did not clearly depict
the buildings. This is one of the buildings with insufficient imagery displaying damage, but there is clear evidence that the roof has been replaced

due to damage
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and categorized as no damage, minimal damage, partial
damage, nearly complete damage, or complete damage.
The time in months until evidence of complete repair was
also recorded. For the purposes of this study, the maxi-
mum value for time until repair was 8 months which was
the time (in months) after the storm to the end of the
analysis period, December 2019. There was evidence that
some buildings took much longer to repair, and others
did not have satellite imagery showing evidence of repair
following the storm as of December 2022. Additional
notes such as cloud cover or new buildings being added
to a facility were also recorded.

The highest quality imagery was available near popula-
tion centres, such as Beira, (Fig. 2) where the imagery was
higher resolution and more frequent. Areas that were
less populated had lower resolution and less frequent
imagery (Fig. 1). In these instances, evidence of new roof-
ing was often used to assess if there had been damage
following the storm. Figures 1 and 2 are both examples
of facilities that were qualified as “complete damage” as
there was evidence that the entire roof was lost (Fig. 2) or
had been replaced (Fig. 1). Coordinates for each location
were also recorded. The dataset assessing the damage to
all facilities in Sofala province was imported into QGIS
[19]. This was overlayed onto a map of districts within
Sofala Province. The two layers were joined by location
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creating a new datafile. Health care facilities and schools
were linked to their respective district for analysis. Each
district had data for number of schools, number of health
facilities, and number of facilities damaged. To aggregate
damage data for the district level, damage to facilities was
assessed as a binary variable: damaged or not damaged.
Malaria outcomes were extracted from the publicly
available National Malaria Control Program Annual
Report for Sofala Province [20]. These data are collected
by local health facilities in Mozambique documenting
weekly malaria case data which are then sent to district
offices. This information is then sent to the Provincial
health office, aggregated to monthly data and is reported
in the annual report [20]. Annual incidence was then cal-
culated using data from the 2017 census [21]. The data
on malaria outcomes was reported at the district level
for 2019 with some outcomes being reported for 2018
for comparison purposes. The malaria data used for this
analysis was the district level monthly aggregated data.
Environmental factors were also collected as additional
covariates. These were all factors that are known to be
associated with survival of Anopheles mosquitoes and
subsequentially malaria infection. These factors included
density of rivers, land use, vegetation density, and eleva-
tion. Elevation data was extracted from United States
Geological Survey (USGS) and joined with the district

£8

Fig. 2 Pre and Post Cyclone Imagery of University in Beira, Mozambique. Image A is taken from satellite imagery in March 2019 prior to Cyclone
Idai. Image B was taken in April 2019 immediately following the cyclone. Here there is clear evidence of complete damage to this facility

following the storm
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map of Sofala province in QGIS. The median elevation
was calculated for each district. River data was imported
into QGIS and the length of each river was calculated
[22]. This was then joined with the district shapefile. The
area of each district was also calculated in QGIS and river
density (metres/km?) was calculated using SAS.

To analyse vegetation density in each district a vegeta-
tion density file was downloaded from the United States
Geological Survey Earth Explorer tool [23]. This was a
raster file which contained vegetation density data aver-
aged from April 6th to April 15th 2019. The file was a
Landsat Normalized Difference Vegetation Index (NDVI)
file which measures vegetation density by greenness with
a value ranging from — 10,000 to 10,000. This file was
imported to QGIS, and the median greenness value was
calculated for each district.

The final environmental factor assessed was land use. A
shapefile downloaded through USGS contained polygons
which were each classified by the use of that land. The
original shapefile contained 30 different classifications, all
types that were applicable to Sofala Province were reclas-
sified to one of seven different classes in QGIS: cropland,
shrubland, deciduous forest, flood-land, urban space,
bare land, and water. Once reclassified, this shapefile was
joined to the shapefile of the districts. Due to how the
original land use file was created there were some large
polygons which covered area in adjacent districts. This
led to values of greater than 100% land usage per district
in some districts when trying to aggregate land usage to
the district level. In order to assess land use in each dis-
trict, the frequency of each reclassified polygon per dis-
trict was used as an aggregate measure of land use.

Household and demographic variables were aggregated
to the district level to adjust for additional covariates
known to be associated with malaria infection. Demo-
graphic data was extracted from the 2007 Mozambique
census which was accessed through IPUMS International
[14]. The following variables were extracted from the
2007 census: age, presence of a toilet, floor type, roof-
ing material, and wall material. House structure charac-
teristics were reclassified from multiple levels that had
been taken in the census to binary variables. Flooring
was classified as unfinished or finished (cement, wood,
marble, tile, other finished). Roofing was classified as
modern (concrete, tile, asbestos, zinc, or tin) or not
modern (thatch or none). Walls were classified as mod-
ern (brick, cement, adobe, or other) or not modern walls
(plastic sheeting, cardboard, wood, straw, reed, bamboo,
or palm). Toilets were classified as yes (flush toilet or
latrine) or no toilet. For each district a proportion with
each household characteristic was calculated based on
the 2007 population data. The median age was also calcu-
lated for each district.
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Analysis

Analysis for the association between damaged facili-
ties and malaria outcomes was completed at the district
level. This covered the 13 districts in Sofala Province.
Exploratory data analysis was completed using univari-
able models to determine the association between the
main predictors (damage) and environmental covariates
with each malaria outcome. The three outcomes assessed
were: 2019 annual malaria incidence, 2019 severe malaria
incidence, and percent of pregnant people who received a
second dose of IPTp in 2019.

Both malaria incidence and severe malaria incidence
were analysed using Poisson regression. Proportion of
people who received IPTp was analysed using a general-
ized linear model which assessed the association between
each covariate. Each of the models was adjusted for the X
and Y coordinate value for the centroid of each district in
order to account for spatial correlation between districts.

To assess demographic features of each district, median
age, and proportion of people under 5 years old were ana-
lysed. To assess household characteristics, presence of a
toilet, flooring type, flooring material, and wall material
were analysed. To assess environmental factors, NDVI,
elevation, proportion of land qualified as water, propor-
tion of land qualified as flood land, and river density
were analysed. Additionally, when modelling IPTp cover-
age as an outcome population density was considered as
another variable to adjust for access to healthcare. This
was not used in the models for malaria incidence as the
Poisson models used include an offset variable account-
ing for population.

The primary predictors of interest were the variables
assessing damage to healthcare facilities and schools.
For univariable analyses, there were six different repre-
sentations of facility damage assessed. The proportion
of health facilities damaged, proportion of schools dam-
aged, and proportion of all facilities damaged were each
modelled as a predictor. The aggregate measure of facili-
ties damaged was also modelled using a binary repre-
sentation if there was any damage to facilities within the
district. The mean time to facility repair across districts
was also calculated and modelled as a predictor. Finally,
the level of damage previously assigned to each facil-
ity was quantified. Facilities with no damage were given
a value of “0” ranging to “4” if a facility was completely
damaged. The mean value of damage was calculated for
each district and modelled as a predictor.

Results from univariable models were used to estab-
lish associations between each covariate and the differ-
ent malaria outcomes. This information was taken into
account when building multivariable models. All covari-
ates assessed in univariable models have shown some
evidence of association to malaria outcomes in previous
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studies, which was the most influential consideration
in model building. Before building multivariable mod-
els, a correlation matrix was used to assess collinearity
between similar predictors. Environmental factors were
compared, household factors were compared, and meas-
ures of damage to facilities were compared. To limit neg-
ative effects of collinearity on any final models, one of the
highly collinear variables was selected based on model
goodness of fit.

To model annual malaria incidence, facility damage
covariates were added to the model first. In all multi-
variable models, the aggregate variable “proportion of
facilities damaged” was used to represent infrastructure
damage. Variables indicating severity or time of damage
were highly correlated (>85%), therefore, only “propor-
tion of facilities damaged” was included on the model.
Additionally, “proportion of facilities damaged” had the
lowest — 2 log likelihood value and was chosen to rep-
resent damage to facilities as the primary predictor.
Goodness of fit tests were repeated for each of the demo-
graphic variables: median age and proportion under five,
as well as the household features: presence of a toilet,
flooring type, flooring material, and wall material. The
environmental features considered were not highly cor-
related, therefore, each was assessed based on goodness
of fit as well as with consideration of the covariates con-
founding the association between facility damage and
malaria incidence. This same process was completed for
severe malaria incidence, once again adding variables
based on their effect on goodness of fit and potential to
confound the association between facility damage and
severe malaria incidence. Each of the Poisson models
were run with a log link function and the district popula-
tion as an offset term. Each model was adjusted for the X
and Y coordinate value for the centroid of each district in
order to account for spatial correlation between districts.

Proportion of pregnant people who received a second
dose of IPTp was analysed using multiple linear regres-
sion. Model building was done using a similar procedure
as the Poisson, however the goodness of fit statistic used
here was R%. When generating models, it was taken into
account that in most instances adding a variable to the
model will increase the goodness of fit, therefore, the
potential of confounding and results from exploratory
data analysis were taken into stronger consideration. The
same process, starting with measures of facility damage
and adding other covariates was used. In this model the
binary predictor of facility damage did have a higher R?
value than proportion of facilities damaged, however the
proportion of facilities damaged provides some more
granularity and therefore was chosen for the multivari-
able model.
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Change in proportion of pregnant people who received
IPTp as well as change in malaria incidence from 2018 to
2019 were also modelled as secondary outcomes in order
to assess changes in trends as a result of the storm. Since
both measures were a continuous proportion, general-
ized linear models were used to model these two out-
comes. The covariates determined to provide the best
fitting model in assessing malaria incidence were used in
the model assessing change in malaria incidence. Simi-
larly, the covariates found to create the best fitting model
of proportion of pregnant people who received IPTp was
used to model the change in this value.

Results

This analysis investigated malaria outcomes across the
13 districts that make up Sofala Province. There were
105 health care facilities and 66 schools identified that
could be assessed for damage using satellite imagery from
Google Earth Pro®. Of these, 23 (22%) health care facili-
ties had any level of damage, and 45 (68%) schools had
any level of damage. There was some disparity in both
the severity of damage and the time required to restore
the buildings. Figure 1 displays images of the University
of Beira, this building, near the coast, was in an area hit
hardest by Idai. This is an example of a building that saw
complete destruction of its roof following the storm.
There was no evidence of complete restoration of this
building until March of 2020, 11 months following Idai.
Other facilities such as the rural health centre displayed
in Fig. 2 were repaired much quicker. This facility had
evidence of complete damage but had evidence of being
completely repaired within 3 months of Idai.

Most of the damage was isolated to the central corridor
of Sofala Province. Idai hit the capitol city Beira in Beira
district and moved inland to Dondo followed by Nhama-
tanda districts. These three districts accounted for 74
percent of the damage to health centres and 91 percent of
the damage to schools. Figure 3 displays the proportion
of facilities damaged in each district in Sofala Province.
Beira district is the district with the most damage which
is expected as it saw the direct impact of Idai. Gorongosa
(north) and Buzi (south) are the other two districts which
experienced damage following Idai. These two districts
are directly adjacent to the central corridor and the path
which Idai followed through Mozambique.

The distribution of each outcome of interest, extracted
from the 2019 National Malaria Report for Sofala Prov-
ince, are displayed in Fig. 4 and in Table 1. Each school
and health care facility were also plotted on these maps.
Of note, Beira district which was hit directly by Idai
had the lowest malaria incidence in 2019, as well as the
highest proportion of damaged facilities, marked with
the black points in Fig. 4. Generally, the 2019 malaria
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incidence was lowest in areas most directly impacted by
the cyclone as qualified by facility damage.

Beira district also was one of two districts that saw a
20% or greater decrease in malaria incidence from 2018,
Fig. 4, with a 31% decrease in incidence in from 2018,
Table 1. Districts that saw a decrease in malaria incidence
were those in the path of cyclone Idai and southern dis-
tricts while northern districts saw an increase in malaria
incidence in 2019 with an overall increase in incidence of
8% across Sofala Province.

The trends displayed for severe malaria incidence and
proportion of pregnant people receiving IPTp in Fig. 4
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Fig. 3 Distribution of damaged facilities in Sofala Province. The percent of facilities (school and health centres) damaged following cyclone Idai
in each district

followed a less distinct pattern. Beira and Nhamatanda
along with Buzi districts, which all saw some levels
of facility damage, had the lowest incidence of severe
malaria in 2019. However, Dondo and Nhamatanda dis-
tricts saw a higher incidence of severe malaria. Based on
Fig. 4, the distribution of the proportion of pregnant peo-
ple who received IPTp seemed even less associated with
facilities damaged as a result of Idai.

To further visualize covariates associated with malaria
outcomes, three covariates representing environmental
and demographic related features are displayed in Fig. 5.
The density of rivers at the district level is visually not
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Fig. 4 2019 malaria outcomes in Sofala Province. A. 2019 annual malaria incidence per 1000 people by district. B. Percent change in malaria
incidence comparing 2019 to 2018 with purple representing a decrease in incident malaria and orange representing an increase in incident malaria.
C. 2019 severe malaria incidence per 1000 people by district. D. Proportion of pregnant people who received intermittent preventative treatment
(IPTp) in 2019 by district. Each map includes schools (dark blue) and health centres (light blue) which remained undamaged as well as all damaged

facilities (black)

associated with patterns of malaria outcomes (Fig. 4).
Beira and Dondo districts which have the highest popu-
lation density and the highest proportion of households
with modern roofs would be considered two of the most
urban distracts in Sofala. These were two districts hit
hardest by the storm in terms of proportion of facilities
damaged (Fig. 3) and also saw a decrease in malaria inci-
dence from 2018 to 2019 (Fig. 4B).

Results from exploratory univariable modelling are
shown in Tables 2 and 3. Table 2 shows results from uni-
variable Poisson regression models assessing the asso-
ciation between each covariate of interest and malaria
incidence and severe malaria incidence in 2019. When

assessing both malaria and severe malaria incidence,
damaged healthcare facilities had a larger effect on inci-
dence than schools. The effect of facility damage had a
larger impact on malaria incidence than it did on severe
malaria incidence in the univariate model. All univariable
models assessing measures of damage found an increased
level of damage was associated with a decreased in both
malaria and severe malaria incidence. When assessing
demographics, the association between age variables
and malaria outcome behave as expected based on lit-
erature. An increase in median age was associated with
a decreased risk in malaria and severe malaria and an
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Table 1 Basic demographics, health centre and school data, and malaria outcomes by district in Sofala Province

District Population Age (Median) Health centres Schools Malaria Annual Severe malaria Preventative
Density* (Damaged)**  (Damaged)** annual incidence annual prophylaxis
incidence***  change (%)* incidence ***  (%)**
Buzi 0.016 15 10 (0.10) 5(0.60) 646 -8 14 70
Caia 0.055 13 9(0) 3(0) 455 +21 32 76
Chemba 0.022 13 5(0) 0(0) 598 +41 26 44
Cheringoma 0.008 13 5(0) 1(0) 1164 +38 25 43
Chibabava 0.020 14 6(0) 0(0) 871 +11 53 40
Dondo 0.079 17 12 (0.33) 15(0.73) 452 -18 35 63
Gorongosa 0.027 13 6(0.17) 1(1.00) 726 +16 36 74
Machanga 0.010 15 6(0) 2(0) 596 —15 36 45
Maringue 0.016 12 1(0) 0(0) 718 +42 23 41
Marromeu 0.026 15 11(0) 0(0) 525 +14 28 80
Muanza 0.006 13 6 (0) 1(0) 582 +15 2.0 70
Nhamatanda 0.079 15 11(0.27) 10 (0.60) 472 -20 15 79
Cidade da Beria  0.811 19 17 (0.59) 28 (0.86) 138 —-31 1.8 70
Sofala Province  0.090 16 105(0.22) 66 (0.68) 611 +8 3.0 61

" Persons/km? based on 2017 census®*

“This count is based on facilities with sufficient satellite imagery to visualize and infer damage
** Incidence was calculated per 1000 people

* Percent change was calculated in comparison with 2018 incidence data

**This is the percent of pregnant people who received a second dose of preventative prophylaxis during pregnancy
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Modern Roof (%) Population Density

River Density <10 [1<o0.01
[J0.10-0.15 [J10-19 [ 0.01-0.02
[Jo.15-02 [720-29 [ 0.021 - 0.03
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A ——
0 50 100 150km

Fig. 5 Covariates associated with Malaria outcomes broken down by district. Each map of Sofala province displays a different covariate found to be
associated with malaria outcomes following Idai. A. Density of rivers per province (m/km?) B. Percent of households with a modern roof based
on 2007 census data C. Population density (people/km?)

increased proportion under five showed a large effect in Based on univariable analysis using a generalized lin-
the increasing the district wide risk of malaria. ear model to explore the crude associate between covari-
ates and proportion of people receiving IPTp, there was
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Table 2 Univariate analysis using Poisson regression
2019 Malaria incidence 2019 Severe malaria incidence
B Risk ratio 95% Cl B Risk ratio 95% Cl

Facilities damaged—binary -0.78 0.46 (0.46, 0.46) -0.23 0.79 (0.74,0.85)
Health centres damaged* —242 0.09 (0.09, 0.09) -0.58 0.56 (049, 0.64)
Schools damaged* -093 039 (0.39,0.40) -0.12 0.89 (0.82,0.64)
Facilities damaged* -1.69 0.19 (0.18,0.19) -042 0.66 (0.60, 0.73)
Mean facility damage value —-0.64 0.53 (0.53,0.53) -0.14 0.87 (0.84,0.91)
Mean time until repair** -028 0.76 (0.76,0.76) -0.07 0.93 (0.92,0.95)
Median age —-0.21 0.81 (0.81,0.81) —-0.06 0.94 (0.93,0.960
Under 5* 10.00 21,912 (20,746, 23,142) 3.16 2358 (12.3,45.3)
April vegetation (greenness) 0.001 1.001 (1.001, 1.001) 0.0002 1.000 (1.00, 1.00)
Elevation (median) 0.004 1.004 (1.004, 1.004) 0.002 1.002 (1.00, 1.00)
River density (m/kmA2) 242 11.20 (10.8,11.7) 1.46 430 (248, 743)
Bodies of water™ -028 0.76 (0.76,0.76) -007 0.93 (0.91,0.95)
Flood land* 212 829 (8.08,8.49) —-0.28 0.755 (0.56, 1.02)
Finished floors* -0.02 0.98 (0.98,0.98) —0.004 0.996 (1.00, 1.00)
Modern roof* -002 0.98 (0.98,0.98) —-0.003 0.997 (1.00, 1.00)
Toilet—binary -0.02 0.98 (0.98,0.98) —0.004 0.996 (1.00, 1.00)
Modern walls* —-003 097 (0.97,0.97) —0.005 0.995 (1.00, 1.00)

Assessing the association between each covariate of interest and 2019 malaria incidence and as well as 2019 severe malaria incidence

"These values are proportions determined at the district level
* Maximum time to repair was 8 months representing through the end of 2019

+ Proportion of land use based on frequency of corresponding polygons in QGIS

a positive association between damage to facilities and
administration of IPTp. An increase in the proportion of
damaged facilities was associated with an increase in the
proportion of pregnant people receiving IPTp (Table 3).
The largest effect, similar to when assessing malaria inci-
dence, was seen when assessing damage to healthcare
facilities. In this univariable analysis, population density
was also assessed for its association with administra-
tion of IPTp. Increased population density was positively
associated with an increase in pregnant people receiving
IPTp.

The final multivariable models assessing the associa-
tion between the proportion of facilities damaged with
malaria and severe malaria incidence in 2019 are dis-
played in Table 4. Proportion of facilities damaged was
used in each of the models as the main predictor for
damage as it gave the most accurate model when assess-
ing goodness of fit (— 2 log likelihood) compared to other
measures of damage severity. Given that there was a
high correlation between housing features, a single fea-
ture was used in each model. River density, proportion of
area which was considered flood land, April vegetation
density, and median elevation all improved the fit of the
model and were added to the model assessing malaria
incidence. The final model assessing severe malaria
incidence was similar however did not include median

elevation as a covariate. After adjusting for median age,
housing structure, and environmental factors it was
found that an increase in proportion of facilities damaged
by 100% was associated with a 73% (95% CI 68%, 78%)
increase in risk of malaria infection across a district. To
make this value more applicable, a 10% increase in pro-
portion of facilities damaged in a district was associ-
ated with an increased risk of malaria incidence of 5.7%.
When modelling the risk of severe malaria incidence in
the multivariable Poisson model, an increased propor-
tion in facilities damaged was also associated with an
increased risk of severe malaria infection. An increase in
facility damage of 100% was found to be associated with a
risk of severe malaria 2.16 (95%CI 1.42, 3.32) times higher
than a district with no facility damage. An increase in
proportion of facilities damaged by 10% was found to be
associated with an 8.0% increase in risk of severe malaria
infection after adjusting for median age, household fea-
tures, and environmental features at the district level.
The multivariable model assessing the association
between facility damage and administration of IPTp in
pregnant people is displayed in Table 5. This table also
displays the generalized linear model which assess how
these same covariates were associated with a change
in the administration of IPTp from 2018 to 2019. This
model uses proportion of facilities damaged as the main
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Table 3 Univariate analysis using multiple linear regression

Proportion of pregnant
people who received a
second dose of preventative

prophylaxis

B 95% ClI
Facilities damaged—binary 0.22 (0.02,043)
Health centres damaged* 031 (—0.26,0.89)
Schools damaged* 0.26 (-=0.01,0.52)
Facilities damaged* 0.26 (—0.14,067)
Mean facility damage value 0.12 (—=0.03,0.28)
Mean time until repair** 0.05 (—0.02,0.12)
Median age 0.022 (—0.03,0.08)
Under 5% —-1.08 (- ,1.74)
River density (m/kmA2) —045 (—2.08,1.18)
Bodies of water* 0.004 (= 0.08,0.09)
Flood land* 0.67 (—046,1.79)
Finished floors* 0.001 (—0.004, 0. 006)
Modern roof* 0.001 (—0.004, 0.006)
Toilet—binary 0.002 (—0.003, 0.008)
Modern walls* 0.003 (= 0.003, 0.009)
Population density (persons/km?) 0.12 (- 0.38,0.63)

Assessing the association between each covariate of interest and administration
of preventative prophylaxis in pregnant people.* These values are proportions
determined at the district level

* Maximum time to repair was 8 months representing through the end of 2019

+ Proportion of land use based on frequency of corresponding polygons in QGIS

predictor. After adjusting for median age, household
features, environmental factors, and population density
it was found that an increase in proportion of damaged
facilities was associated with an increase in proportion
of pregnant people who received IPTp. Based on this
model, a 10% increase in proportion of facilities dam-
aged was associated with a 7.1% increase (95% CI 4.1%
decrease to 18.3% increase) in the proportion of pregnant

Table 4 Multivariable analysis using Poisson regression
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people who received a second dose of IPTp at the district
level. This association was not found to be statistically
significant, however is still of interest as this model was
underpowered due to a limited number of districts being
analysed. An increase in proportion of facilities damaged
was also found to have a weak positive association with
an increase in administration of IPTp since 2018. A 10%
increase in facilities damaged was associated with a 3.6%
increase (95%CI 13.7% decrease, 20.8% increase) in pro-
portion of pregnant people receiving IPTp from 2018 to
2019. The wide confidence interval found for this asso-
ciation indicates there is not evidence of an association
between infrastructure damage and the change in rate of
IPTp administration.

The final outcome assessed was change in malaria inci-
dence from 2018 to 2019, Table 6. This multiple linear
regression model used that same covariates as were used
in the Poisson models used to assess malaria and severe
malaria incidence. This model found that an increase in
proportion of facilities damaged was associated with a
decrease in malaria incidence from 2018 to 2019. Based
on this model, after adjusting for median age, household
features, and environmental features a 10% increase in
proportion of facilities damaged was associated with a
4.5% decrease (95% CI 10.2% decrease to 1.3% increase)
in malaria incidence from 2018 to 2019 at the district
level.

Discussion

After adjusting for environmental covariates it was
determined that an increased proportion of damaged
health care facilities and schools was associated with
an increased risk of malaria and severe malaria in the
aftermath of cyclone Idai. The cyclone which hit cen-
tral Mozambique in 2019 led to substantial damage to
homes, schools, health centres, and other facilities in
Mozambique’s Sofala Province. It is expected that with

2019 Malaria incidence

2019 Severe malaria incidence

B Risk Ratio 95% ClI B Risk ratio 95% ClI
Proportion facilities damaged 0.55 1.733 (1.68,1.78) 0.77 2.163 (141,332)
Median age 0.71 2.026 (2.01,2.05) 0.29 1332 (1.18,1.50)
Modern roof - 005 0.951 (—0.05,095) —-0.015 0.985 (0.98,0.99)
River density (m/kmA2) —-1.19 0303 (—=1.14,0.32) 1.76 5.785 (2.60,13.52)
April vegetation (greenness) 0.001 1.001 (1.001, 1.001) 0.0008 1.001 (1.001, 1.001)
Flood land —-4.14 0.016 (0.015,0.017) -327 0.038 (0.02,0.07)
Median elevation —0.001 0.999 (0.999, 0.999) N/A* N/A* N/A*

Final models assessing the association between facilities damaged following cyclone Idai and incidence malaria and severe malaria cases

*Elevation was not found to improve fit of the model predicting severe malaria incidence
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Table 5 Multivariable analysis using multiple linear regression

Proportion of pregnant people who Change in proportion of pregnant

received a second dose of preventative people who received a second dose of

prophylaxis in 2019 preventative prophylaxis from 2018

B 95% ClI B 95% ClI
Proportion facilities damaged 0.71 (= ,1.83) 036 (—1.37,2.08)
Median age -0.08 (—0.23,0.07) —0.06 (—0.29,0.17)
Modern walls 0.01 (=0.00,0.02) 0.00 (—0.02,0.02)
River density (m/km~2) 0.49 (= 155,252 —063 (—3.76,2.51)
Flood land 131 (0.03,2.59) 0.64 (—133,261)
Population density (persons/km?) —0.33 (=1.19,054) 038 (—096,1.71)

Assessing the association between damaged facilities and the proportion of pregnant people in each district who received a second dose of preventative prophylaxis

Table 6 Multivariable analysis using multiple linear regression

Percent change in malaria
incidence from 2018 to 2019

B 95% ClI

Proportion facilities damaged —045 (=1.02,0.13)
Median age 0.061 (—=0.10,0.22)
Modern roof -binary - 0.004 (- 0.01,0.01)
River density (m/kmA2) —-1.17 (—2.08,—-0.26)
April vegetation (greenness) 0.00 (0.00, 0.00)
Flood land —-040 (= 1.26,047)
Median elevation 0.002 (- 0.001, 0.003)

Assessing the association between damaged facilities and the change in malaria
incidence from 2018 to 2019

a changing climate there is an increased risk of tropical
storms in the Indian Ocean [24]. This is an area which has
endemic malaria, the results of a changing climate will
alter the interactions people of Mozambique have with
mosquitos, especially following a severe weather event.
Building an understanding of the association between
infrastructure damage following a tropical storm and risk
of malaria infection was necessary in the short term for
emergency response, and in the long term for control
and elimination efforts. This analysis of the association
of storm damage with multiple malaria outcomes quanti-
fied the impact of damaged facilities. Analyses were com-
pleted at the district level so should be considered under
the ecological fallacy; these are trends at the district level
not at the individual level.

In an unadjusted model assessing the associating
between facility damage and malaria incidence the
risk of malaria was found to decrease in districts with
a higher proportion of facilities damaged. This can be
observed in Figs. 3 and 4, Beira District was the only dis-
trict with fewer than 400 indecent cases of malaria per
1000 people in 2019, and it was also the district with the
highest proportion of facility damage. A similar trend

is seen in surrounding districts which had damage to
facilities. However, after adjusting for demographic and
environmental covariates there was a positive associa-
tion between the proportion of facilities damaged and
the risk of malaria infection. The risk of progression to
severe malaria was also positively associated with an
increase in proportion of facilities damaged. This risk was
greater even than the risk of a malaria infection associ-
ated with an increase in damage following Idai. These
models demonstrated that when damage occurred fol-
lowing Idai there was an increased burden of malaria in
the areas most damaged by the storm. The increased risk
of malaria infection may be contributable to an increased
exposure to environmental risk factors associated with
increased risk of malaria as well as decreased access to
protective equipment such as ITNs. The increased risk of
progression to severe malaria demonstrates the burden
of decreased access to healthcare as a result of the storm
damaging infrastructure and health facilities.

The change in malaria incidence from 2018 to 2019 per
district was modelled as an outcome to gain a broader
picture of the change in malaria reporting prior to and
after Idai. After adjusting for demographic and environ-
mental factors the models suggest that an increase in
proportion of facilities damaged at the district level was
associated with a decrease in annual malaria incidence
from 2018 to 2019. The negative association between
facilities damaged and change in malaria incidence
between 2018 and 2019 points again to access to health-
care being a substantial issue following Idai. There are
limitations in the knowledge of malaria reporting fol-
lowing a severe storm. However, it is likely that malaria
infections were underreported because access to health-
care was limited by damage as a result of cyclone Idai.

To further address the impact of damage following
cyclone Idai on access to healthcare, the proportion of
pregnant people per district who received a second dose
of intermittent preventative treatment (IPTp) in 2019
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was modelled as an outcome. Interestingly, districts with
higher facility damage also showed an increased propor-
tion of pregnant women receiving IPTp. This suggests
that emergency responses may have successfully targeted
these vulnerable populations, despite overall health-
care access being compromised. Following Cyclone Idai
there was a large effort put forward by UNICEF to pro-
vide humanitarian relief to the people in Mozambique
[5, 25]. There are limited details on the specifics of this
response beyond the distribution of ITNs, but there is
mention of further efforts being made. The distribution
of IPTp to pregnant people is likely to have been part of
this response effort.

Although ties have been made between the devasta-
tion caused by cyclone Idai and malaria outcomes in cen-
tral Mozambique there is limited research on the direct
effect of damage on malaria incidence. This paper pre-
sents a novel method of quantifying the risk of malaria
with increased damage following a severe weather event.
Previous research has shown that people living in rural
areas are at a substantially higher risk of malaria infec-
tion compared to those in urban areas [8]. One large dif-
ference between many rural and urban communities is
their access to healthcare. One study assessing damage
following Idai found that areas affected by the cyclone
saw a decrease in accessibility to healthcare from 78.8 to
52.5% due to infrastructure damage including transporta-
tion networks and facilities [26]. Similarly, the findings in
this study suggest that there is an increased risk of severe
malaria following storm damage which can be attributed,
at least in part, to a decreased access to healthcare. The
model comparing incident cases from 2018 to 2019 fur-
ther supports these findings. An increased proportion
of facilities damaged was associated with a decrease in
malaria incidence from 2018 to 2019. Since there was an
increase of incident malaria cases in district with higher
levels of facility damage based on results of the Poisson
model, the decrease in reported cases from 2018 to 2019
is likely attributable to a decrease in access to health-
care in those districts. The exception to this finding is
the increase found in IPTp administration in districts
that saw the most damage. However, if this was a func-
tion of the immediate response by UNICEEF, there would
be a small impact on incident malaria cases as pregnant
mothers make up a small portion of the population. This
may be more telling of the short-term success of the
response and some possible downfalls in the long-term
as the risk of malaria still increased.

This research assessed the 13 districts in Sofala Prov-
ince meaning that linear models were underpowered,
leading to inconclusive results in some models. The
use of Poisson models to predict the relative risk of
malaria incidence provided a non-parametric solution,
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however working with a sample of only 13 districts still
has limitations. Additionally, the analysis only assessed
outcomes seen in 2019. It would have been interest-
ing to assess the trends into 2020 as severity of facil-
ity damage and time to repair data may have provided
an interesting insight into the long-term malaria trends
seen as a result of the storm damage. Also, this analy-
sis only included damage to healthcare and educational
facilities as surrogates of impacts to the entire com-
munity. This was done as there were publicly available
enumeration lists of these facilities which included geo-
graphic coordinates. Additional research investigating
other aspects of storm impacts on communities should
be conducted.

Although there are limitations, this research provides
insight into the direct effect of damage caused by Cyclone
Idai on malaria outcomes in Sofala province at the dis-
trict level. This insight can be useful in understanding
what areas may be at highest risk of malaria infection fol-
lowing any future tropical storms. There are both short
term and long-term implications for malaria in Sofala
Province following this storm. A decreased access to
healthcare means that there will be an increased dis-
ease burden. An account from a physician working in
Beira highlighted that there was a substantial decrease
in patients able to make their way to the clinic and those
who did come in were the most vulnerable people [27].
In response effort to natural disasters when considering
malaria, there is a clear need of immediate assistance to
protect people from environmental risk factors associ-
ated with increased malaria infections. In the long term
there is also evidence that efforts should be put in place
to restore healthcare facilities or provide temporary facil-
ities until repairs are completed in efforts to minimize
the burden of malaria. These results highlight that dam-
age to facilities and infrastructure are associated with an
increased risk of malaria. The risk of long-term increased
malaria incidence should be taken into account when
planning response efforts.
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