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Spatial–temporal trends 
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Since its emergence, the coronavirus disease 2019 (COVID‑19), is constantly affecting many parts 
of the globe and threatening millions of lives worldwide. Charting and aligning disease incidence to 
identify spatial clustering and patterns continue to be a substantial pathway to understanding disease 
epidemiology and is essential for implementing effective planning and prevention strategies. A 
national descriptive study was implemented to present the infection and mortality rates of the COVID‑
19 pandemic in all states of Sudan. Data were collected and summarized in monthly statistical reports 
of COVID‑19 infection and mortality rates. The reports used were from May 2020 to March 2021. The 
highest COVID‑19 incidence rate occurred in December 2020 with a total incidence of 4863 cases 
ranging from 0 cases in some of the states to 4164 cases in other states (mean = 270 ± 946, median = 21 
cases). Followed by the incidence in May 2020 with a total of 4524 cases ranging from 4 to 3509 
cases (mean = 251 ± 794, median = 31 cases). The western and southern states of the country had the 
lowest mortality rates. While, the middle states (Khartoum and El Gezira) had the highest mortalities. 
Northern and eastern states had lower mortalities than the middle states, yet, higher than the 
western states. A strong positive correlation between infection and mortality was found.

Abbreviations
WHO  World Health Organization
COVID-19  Coronavirus disease 2019
GIS  Geographic information system

The coronavirus disease 2019 (COVID-19) had been announced as a pandemic by the World Health Organi-
zation (WHO) on 11 March  20201. Since its emergence, COVID-19 had affected many parts of the globe and 
threatened millions of lives worldwide and became a major threat to public health. COVID-19 had massively 
impacted economies, the environment, and the everyday lives of people around the  world2. Analysis of the global 
effect of COVID-19 have substantially portrayed how this disease managed to impact nearly 150 countries/
territories/areas over just two  months3. Since the first cases of COVID-19 were documented in Wuhan, China, 
countries, and health authorities have responded extensively but differently to the  pandemic4–6. Unfortunately, 
each country in the world was combating and dealing with the crisis based on its resources, possibilities and 
expertise due to the lack of a unified global standard response to the  pandemic7. Several factors were related to 
the distribution of COVID-19. Among these factors, the sociodemographic factors; such as, old age, illiteracy, 
population density, and urbanization rate. Moreover, climate-related factors such as humidity, and solar radia-
tion had an inverse correlation to the infection rate. On the other hand, population density and movement had 
a direct correlation to the infection rate of COVID-198. In Africa, the inadequacy of healthcare systems and lack 
of funding were considered as major causes of concern for global experts regarding the spread, and control of 
COVID-19. Early detection, prevention, and control of the outbreak was defective and inadequate in Africa for 
reasons related to poor disease surveillance, insufficient data transmission, and unsatisfactory healthcare workers’ 
 training9–11. According to the WHO, over 278 million confirmed cases and just under 5.4 million deaths have 
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been reported worldwide by 26 December 2021. The awareness of the epidemiological and geographical charac-
teristics of COVID-19 had become particularly crucial in controlling the spread of the pandemic. The selection 
of proper measures for understanding and explaining the spread of this disease in order to model the spread of 
COVID-19 are yet to be  identified12. A significant number of statistical models were applied for the prediction 
of the infection rate and the spread of cases during the  pandemic13. However, charting and aligning of disease 
incidence to identify spatial clustering and patterns continued to be a substantial pathway for understanding 
the disease epidemiology, and implementing effective prevention  strategies14. Till the 31st of December 2020, 
African countries had cumulative COVID-19 cases of 2,763,421 which represented (3.4%) of the total cases 
(82,312,150). While, the cumulative mortality was 65,602 deaths, representing 3.6% of the total 1,798,994 deaths 
 worldwide15. The challenges for the African countries in order to respond to the COVID-19 pandemic were 
detailed by Margolin et al.16. The limited testing capacity, the relatively poor healthcare systems, the lack in the 
pharmaceutical industry and manufacturing, as well as the underdeveloped infrastructure in African countries 
were factors needed to be addressed in order to optimize the response of Africa to the COVID-19  pandemic16. 
The spatial–temporal presentation of the pandemic in Africa was presented at country  level17. In sub-Saharan 
Africa, the countries with high infection rate of COVID-19 were Kenya, Ghana, Nigeria, Ethiopia, and South 
Africa. While, the Seychelles, Eritrea, Mauritius, Comoros, and Burundi had the lowest infection  rate18. Sudan 
has the third largest area of any country in Africa and it is considered exposed to the dissemination of infec-
tious diseases, including COVID-19. In Sudan, the first reported COVID-19 case was in March 2020 based on 
the reports of the "Federal Ministry of Health". The experience of Sudan with COVID-19 was similar to other 
sub-Saharan countries, the infection rate and the mortality rate have had a peaky nature. The reported cases of 
COVID-19 in Sudan since the beginning of the pandemic were mainly reported through the Federal Ministry 
of Health which might reflect an underestimated situation. Sudanese population had limited isolation centers; 
only Khartoum state had a relatively better healthcare system. Most of the Sudanese population had to travel to 
Khartoum State to get proper care. This had affected the capacity of healthcare services in Khartoum State and 
many people treated their patients at home by providing oxygen at home and getting home nursing. In Sudan, 
from the 3rd of January 2020 until the 15th of September 2022, there have been 63,275 confirmed COVID-19 
cases and 4,961 COVID-19 deaths as reported by the World Health  Organization19. However, a detailed study 
about the infection and mortality status in Sudan through time; especially at states level was not discussed. This 
study aimed to assess the epidemiological and spatiotemporal patterns of COVID-19 in Sudan and to draw atten-
tions to strategies for appropriate distribution of the healthcare resources to impede the progress of the pandemic. 
The rational of this study was to detail the rates of infection and mortality based on the space and time in order 
to give a clear picture about the places (states) of increased infection, as well as, the seasons (months). This study 
might be a good reference to the concerned facilities to enlighten them about the areas with high needs, for 
considering vaccination distribution and healthcare provision. The presented results can help interpreting, and 
studying the common spatial–temporal trends and patterns of COVID-19 in order to provide a rapid source of 
information to the concerned facilities.

Materials and methods
A national descriptive study was implemented to present the infection and mortality rates of COVID-19 pan-
demic in all states of Sudan. Based on the reports of the Federal Ministry of Health in Sudan (http:// sho. gov. 
sd/ corona/), data were collected and summarized in a monthly statistical reports of COVID-19 infection and 
mortality rates. The reports used were from May 2020 till March 2021. Geographic information system (ArcGIS); 
ArcGIS version 10.8 was used to develop the maps. The .shp file of the Sudan base map was obtained from the 
open access organization DIVA-GIS (https:// www. diva- gis. org/ gdata). The statistical package for social sciences 
(SPSS version 23) was used to assess correlation between infection rate and mortality rate. It was considered 
statistically significant when p ≤ 0.05. Ethical approval from the office of the Minister of the Federal Ministry of 
health was obtained firstly, then the approval from Directorate General of Planning and Health Development 
was granted on October 14th, 2021. Our study involved collecting the reports that were already decimated by the 
federal ministry of health. The researchers had no clinical contact to any cases, and only the statistical reports 
of the ministry of health were used. The collected data were used strictly for the purpose of this study objec-
tives. The reports were publicly published in the Sudan Federal Ministry of Health website (http:// sho. gov. sd/ 
corona/). Reports were only statistical with no personal data. The directorate general of emergency and epidemic 
control at the federal ministry of health had announced public health emergency on March 2020 and asked all 
Sudanese citizens to immediately report suspected cases through the hotlines 221, 9090. All cases were reported 
based on their willingness and no identifiers were used during the collection of the data, data were collected as 
statistical reports only. Signed informed consents were obtained from each case prior to collecting the samples 
for COVID-19 testing as per the national ethical guidelines. All methods were performed in accordance with 
the relevant guidelines and regulations of the Declarations of Helsinki. Furthermore, signed informed consents 
were obtained from the surrogate decision makers regarding the mortality reports of the cases. The research 
office of the federal ministry of health (research.dep.fmoh@gmail.com) is the official department concerned 
with the ethical clearances. Reports of COVID-19 cases and mortality were issued by the directorate general of 
emergency and epidemic control after being signed and stamped by the general director office.

Results
Description of COVID‑19 infection rate in Sudan. COVID-19 infection in Sudan had wide variation 
during the study period across the different states of Sudan. The highest incidence rate had occurred in Decem-
ber-2020 with a total incidence of 4863 cases ranging from 0 cases in some of the states to 4164 cases in other 
states (mean = 270 ± 946, median = 21 cases). Followed by the incidence in May, 2020 with a total of 4524 cases 

http://sho.gov.sd/corona/
http://sho.gov.sd/corona/
https://www.diva-gis.org/gdata
http://sho.gov.sd/corona/
http://sho.gov.sd/corona/
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ranging from 4 to 3509 cases (mean = 251 ± 794, median = 31 cases). Table 1 below illustrates the incidence rate 
of COVID-19 in Sudan.

Spatial–temporal COVID‑19 infection across the states of Sudan. The incidence rate of COVID-
19 across the different states of Sudan was studied (Fig. 1). The spatial–temporal trend of this pandemic varied 
across different states. Khartoum State was the most affected state during all the months, followed by El Gezira 
State. Both of these states lay in the middle of the country. The western states of the country had lower incidence 
rate of COVID-19 infection. October, 2020 had the lowest incidence rate in all states. Furthermore, five states 

Table 1.  COVID-19 infection rate in Sudan.

Infection/months Min.–max Mean ± SD Median Total

May-20 4–3509 251 ± 794 31 4524

Jun-20 1–3001 249 ± 679 74 4486

Jul-20 0–1287 116 ± 291 14 2093

Aug-20 0–1099 74 ± 250 1 1340

Sep-20 0–360 26 ± 82 2 462

Oct-20 0–125 9 ± 28 1 165

Nov-20 0–3663 235 ± 834 14 4238

Dec-20 0–4164 270 ± 946 21 4863

Jan-21 1–2233 201 ± 503 53 3609

Feb-21 0–669 53 ± 151 10 955

Mar-21 0–1145 94 ± 261 13 1683

Cumulative 10–21,255 1579 ± 4801 344 28,418

Figure 1.  COVID-19 Infection rate across the states of Sudan May 2020–March 2021 developed through 
ArcGIS 10.8 by Abd El-Raheem et al. (Shp. files of the base maps https:// www. diva- gis. org/ gdata).

https://www.diva-gis.org/gdata
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had zero incidence of COVID-19 infection in October, 2020. The wavy nature was apparent in the different states 
across the months. Figure 1 below shows the spatial–temporal presentation of COVID-19 infection.

Correlation between cumulative COVID‑19 infection and population density across the States 
of Sudan. On assessing the correlation between COVID-19 infection and the population density in each 
state, a strong positive correlation (Pearson’s correlation = 0.885, p-value = 0.000) was found between cumula-
tive infection and population density across Sudan States. The middle states (Khartoum and El Gezira) had the 
highest infection rate and the highest population density (Fig. 2). While, the western states (Western Darfur, 
Central Darfur and Eastern Darfur) had the lowest rate of COVID-19 infection. These western states had low 
population density (Fig. 2).

Description of COVID‑19 mortality rate in Sudan. Mortality rate among COVID-19 cases had wide 
variations, yet it had less variability than the infection rate. During all of the months, some of the states had 
zero mortalities. Nevertheless, the rate of mortality showed similar pattern of the wavy nature. These surges of 
COVID-19 were apparent, the peaks of mortality rate were during May and June -2020, with total mortalities of 
295 (mean = 16 ± 39) and 301 (mean = 17 ± 30) cases respectively. Then another surge was apparent in Decem-
ber-2020 and January-2021, with mortalities of 192 (mean = 11 ± 37) and 191 (mean = 11 ± 29) cases respectively. 
As well as, another surge was starting in March-2021, which showed mortality rate of 181 cases (mean = 10 ± 24 
cases). The cumulative mortality of COVID-19 during the 11 month of the study period was 1565 cases with a 
mean of 87 ± 188 cases (median = 29 cases). Table 2 below illustrated the statistics of mortality for each month.

Spatial–temporal COVID‑19 mortality rate across the States of Sudan. Mortality rate across the 
different states was studied (Fig. 3). The monthly mortality cases of COVID-19 were presented spatially. Mor-
tality rate had differed from one state to another and from one month to the other (Fig. 3). Interestingly, in the 
surge of May and June-2020, the mortalities were prevalent in almost all the states. In May-2020, Khartoum, El 
Gezira, Northern Darfur and Northern Kordofan had the highest mortality rates (167, 56, 23 and 12 dead cases/
month respectively). In June-2020, mortality was the highest in Khartoum, El Gezira and Northern Darfur (115, 
78 and 19 dead cases/month respectively). The mortality rate was zero in October-2020 in 17 states of Sudan 
consistent with the infection rate. Only one state (El Gezira) had reported mortalities during October-2020 
(one dead case). During the surge of December-2020 and January-2021; mortalities were centered in the middle 
states (Khartoum and El Gezira). About 10 states had zero mortalities in the surge of December and January. In 
March-2021, mortality rates were rising again; especially in Khartoum State (100 dead cases/month). Figure 3 
illustrates the details of the mortality trend in Sudan across the different months.

Cumulative COVID‑19 mortality across the States of Sudan. Cumulative COVID-19 mortality 
map (Fig. 4) showed the overall mortality in Sudan at state level. The states with the highest cumulative mortal-
ity were Khartoum and El Gezira (801 and 326 dead cases respectively). While, the lowest mortalities were in 
Western Kordofan and Southern Darfur (1 dead case each). In general, the western and southern states of the 
country had the lowest mortality rates. While, the middle states (Khartoum and El Gezira) had the highest mor-
talities. Northern and eastern states had lower mortalities than the middle states, yet, higher than the western 
and southern states (Fig. 4).

Prevalence of COVID‑19 infection in Sudan. Prevalence of COVID-19 infection in Sudan was obtained. 
The number of cases per thousand populations were calculated for each of the states of Sudan to develop the risk 
map (Fig. 5). Areas with the highest risk were the center and the east parts of the country. Khartoum State had 
the highest prevalence (2.6 cases/1000 populations). While, the areas with the lowest risk were the western parts 
of the country; with Western Darfur having the lowest risk of COVID-19 infection (prevalence = 0.09 cases/1000 
populations). Figure 5 presented the risk map of COVID-19 in Sudan.

Correlation between COVID‑19 infection and mortality trends over time. Infection and mortal-
ity rates were studied together to find the correlation between these rates. Strong positive correlation between 
infection and mortality (Pearson’s correlation = 0.789, p-value = 0.004) was found in Fig. 6, the peaky nature of 
COVID-19 infection is clear; showing two peaks and the third peak was starting. Infection rate was high in May 
and June-2020, then started decreasing until October-2020 (lowest infection rate). During the peak of May 2020, 
mortality accounted for 6.5% of the cases (295/4524). After that, infection had started in increase in November, 
reaching a peak in December-2020.On the peak, COVID-19 mortality was 3.9% (192/4863). The December 
2020 peak was then decreased in February-2021. In March, the infection rate had started to rise. Mortality trend 
was less peaky; mortality rates were much lower than the infection rates. Even though, increases in mortality 
rates were apparent in Fig. 6 consistent with the peaks of infection.

Discussion
One of the chief qualities of epidemics is their spatial spread, “a characteristic which mainly depends on the 
epidemic mechanism, human mobility and control strategy”20. On global perspective, Africa generally was 
considered an “L-L” area, meaning that the areas with low number of deaths were close to other locations that 
had also a low number of  deaths21. The overall burden of COVID-19 in the African continent is relatively low 
compared to Europe, Asia and the Americas. Even though, many African countries are poor and the early control 
measures; as isolation, quarantine and social distancing might not work as efficiently as in  China17. The burden 
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of COVID-19 disease in Africa was the greatest in Djibouti, Tunisia, Morocco and Algeria. This might be because 
of the testing capacities of these countries enabling them to conduct relatively more tests and detect more 
COVID-19  cases17. From the results of this study, it was apparent that there was a spatial relationship to the 
distribution of COVID-19 cases during the pandemic months in Sudan. That was the case in China; Xie et al. 
reported that the COVID-19 distribution of cases was changing through time but not  fundamentally22. This 
meant that the pattern of infection in high prevalence areas and the low prevalence areas have not totally changed 

Figure 2.  Cumulative COVID-19 Infection across the Sudan States and population of each State developed 
through ArcGIS 10.8 by Abd El-Raheem et al. (Shp. files of the base maps https:// www. diva- gis. org/ gdata).

https://www.diva-gis.org/gdata


6

Vol:.(1234567890)

Scientific Reports |        (2022) 12:16822  | https://doi.org/10.1038/s41598-022-21137-z

www.nature.com/scientificreports/

and only the number of cases differed through time. Some states of Sudan had experienced higher number of 
cases than others; specifically, Khartoum state and Gezira state. Additionally, it was also explicit that there have 
been temporal fluctuations to COVID-19 cases as variable numbers of cases have been documented through the 
months with a peaky nature. The peak infection rate (wave) of December 2020 presented in our study was the 
highest in Sudan comprising a monthly cumulative cases of 4863 cases. This was consistent with the reported 
rates in  Africa15. Since the emergence of the pandemic, coronavirus transmission had been prevented and reduced 
by early detection. Regions with a fewer number of performed tests were unable to adequately to detect all the 
cases. Early detection of COVID-19 infection had been implemented in many countries in Africa such as Ivory 
Coast. In January 2020, the country started implementing checks for COVID-19 symptom at airports as well as, 

Table 2.  COVID-19 mortality rate in Sudan.

Mortality/months Min.–max Mean ± SD Median Total

May-20 0–167 16 ± 39 2 295

Jun-20 0–115 17 ± 30 6 301

Jul-20 0–33 8 ± 11 2 146

Aug-20 0–15 4 ± 5 0 69

Sep-20 0–5 1 ± 1 0 15

Oct-20 0–1 0 ± 0 0 1

Nov-20 0–84 5 ± 19 0 94

Dec-20 0–164 11 ± 37 1 192

Jan-21 0–110 11 ± 29 0 191

Feb-21 0–22 4 ± 6 2 80

Mar-21 0–100 10 ± 24 2 181

Cumulative 1–801 87 ± 188 29 1565

Figure 3.  COVID-19 Mortality rate across the states of Sudan May 2020-March 2021 developed through 
ArcGIS 10.8 by Abd El-Raheem et al. (Shp. files of the base maps https:// www. diva- gis. org/ gdata).

https://www.diva-gis.org/gdata
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restriction of travels from  China18. In Sudan, such procedures were initiated in March, 2020. When data reported 
by the ministry of health were studied, a major variation across the states was evident. The rational interpretation 
for the apparent variability in disease prevalence within different states in Sudan can be related to numerous 
factors. Social habits (greetings habits, ease to touch another person, kissing etc.) could play a part in augmenting 
the exposure of the population, the presence of “super-spreaders " or a slow execution of measures aimed to stop 
the spread of infectious disease such as social distancing and closure of public areas. Many studies have supported 
the link between environmental factors including air pollution, temperature, humidity, and corona virus disease 
susceptibility and  severity23–25. Increased humidity was reported as a factor that had reduced the transmission 
rate of COVID-1923. Sudan is a tropical country, the climate humidity increases in the autumn season (between 
July and September), during this period, the COVID-19 infection rate was the lowest (Fig. 6). Reduced climate 
temperature in Sudan occur in the winter season between November and February, during this period, Sudan 
experienced a wave of COVID-19 pandemic with high infection rate. There was some evidence supporting that 
an association was found between high temperature and low severity of COVID-19. In Sudan, the situation was 
contradictory to that evidence, as the infection rate was the highest during May and June; the summer season. 
Similarly, to the outbreak patterns in Hong Kong, Australia, Malaysia and South Africa. High infection rates 
were reported in these countries despite the  heat16. Not to forget that, the population density was one of the 
influencing factors for increased rate of COVID-19  infection23. In Sudan, as illustrated in Fig. 2 the highest 
cumulative infection was reported in Khartoum State which was the most populated state in Sudan. In general, 
the prevalence of COVID-19 in Sudan was relatively low in the southern and western states, while infection rate 
was relatively high in the middle, eastern and northern states. These spatial variations may need to be further 
studied to find out all the influencing factors. The mortality rates for patients with COVID-19 showed a signifi-
cant variation across the different states of Sudan. COVID-19 prevalence and mortality rates were estimated to 

Figure 4.  Cumulative COVID-19 Mortality across the Sudan States developed through ArcGIS 10.8 by Abd 
El-Raheem et al. (Shp. files of the base maps https:// www. diva- gis. org/ gdata).

https://www.diva-gis.org/gdata
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be higher in middle states of Sudan (e.g., Khartoum, El Gezira State) followed by the Northern states. These 
results could be attributed to the inequality and variations in health systems and medical equipment coverage, 
affordability, and accessibility to healthcare services. For example, some states struggle to perform adequate 
COVID-19 tests. Securing medication shortages is a public health issue, along with providing healthcare facilities 
to meet the needs of the community. Infected cases had to travel to urban areas to get good healthcare  access18. 
This was the case in Sudan, almost all the states had very poor healthcare systems and many people had to urban-
ize to Khartoum state in order to get better healthcare. Prediction models were developed to predict urbanization 
based on socioeconomic factors and natural environmental  factors26. Shortages in medication supply in Sudan 
might have affected the mortality rate in Sudan. These shortages have high negative impact especially during 
COVID-19  crisis27. In addition, the difference in epidemiological surveillance and detection capabilities can be 
related to significant variations in numbers among different states. As illustrated in Fig. 6, the mortality rate was 
positively correlated (p < 0.01) to the infection rate but not as high. In the wave of May 2020, COVID-19 mortality 
accounted for 6.5% of the cases in Sudan. However, in the peak of December 2020 this percentage had decreased 
(3.9%). However, in Sub-Saharan Africa the percentage of mortality was relatively lower; 2.4% deaths per total 
cases  reported28. The healthcare system had a role in these reported mortality rates. The healthcare system in 

Figure 5.  Risk Map of COVID-19 Infection in Sudan developed through ArcGIS 10.8 by Abd El-Raheem et al. 
(Shp. files of the base maps https:// www. diva- gis. org/ gdata).

https://www.diva-gis.org/gdata
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Sudan was not wide enough to combat the waves of the pandemic. A study was done in Khartoum, Sudan which 
defined the radius of the healthcare services of an isolation center and the number of cases that were  covered29. 
Wider similar studies might provide a clearer picture about the healthcare coverage in Sudan. In areas where 
mortality rates are high in Sudan, there was a crucial, need to conduct more tests for identification of infected 
cases at early stages in order to enable authorities for a proper response in monitoring and controlling the trans-
mission of the disease. As a way for humans to combat this infection, vaccination was highly  encouraged30,31. 
Till May 2021, above 30 countries in Africa had less than 1% COVID-19 vaccination  coverage31. The average 
vaccination coverage in the African continent was 2.5%  only31,32. Studies similar to this type of spatial presenta-
tion could become a guide for vaccination  strategies21. As hypothesized, the population behaviors such as mobi-
lization served as a superior measure for justifying the spreading of COVID-19 over time and  space12, our study 
was lacking this property of studying the mobility. This study was not without limitations; all the data were 
obtained from the records of the Sudan federal ministry of health which contained the number of cases tested 
in governmental laboratories only. All cases diagnosed in private laboratories were not included in the reports. 
This might lead to under-estimation of the true status.

Conclusions
The western and southern states of the country had the lowest COVID-19 infection and mortality rates. While, 
the middle states (Khartoum and El Gezira) had the highest infection rates and mortalities. During the autumn 
season (July–September), the infection rate was decreased due to increased humidity. In Sudan, the peaky pattern 
of COVID-19 was prevalent in both the summer and winter seasons. These seasons witnessed increased rates of 
infection (waves). Therefore, researches are needed to meticulously study the climatologic impact on the rate of 
COVID-19 infection. Strong positive correlation between the rate of infection and mortality was found, this is 
explained by the presence of limited healthcare services that were not enough to keep a steady rate of mortality. 
Encouraging the expansion of the healthcare services is important in order to reduce the mortality rates during 
the waves of the pandemic (Supplementary Information S1).

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files].
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References
 1. World Health Organization (WHO) (2020) Coronavirus Disease (COVID-19) Pandemic. Geneva:WHO. https:// www. who. int/ 

emerg encies/ disea ses/ novel- coron avirus- 2019 (Accessed 10 Nov 2020).
 2. Pak, A. et al. Economic consequences of the COVID-19 outbreak: The need for epidemic preparedness. Front. Public Health 8, 

1–4 (2020).
 3. Priyadarshini, I. et al. Analysis of outbreak and global impacts of the COVID-19. Healthcare 8, 148 (2020).
 4. Haffajee, R. L. & Mello, M. M. Thinking globally, acting locally—The US response to COVID-19. N. Engl. J. Med. 382, e75. https:// 

doi. org/ 10. 1056/ NEJMp 20067 40 (2020).
 5. Gianicolo, E., Riccetti, N., Blettner, M. & Karch, A. Epidemiological measures in the context of the COVID-19 pandemic. Deut 

Ärztebl Int. 117, 336. https:// doi. org/ 10. 3238/ arzte bl. 2020. 0336 (2020).

Figure 6.  Correlation between COVID-19 infection and mortality over time (May, 2020–March, 2021).

https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://doi.org/10.1056/NEJMp2006740
https://doi.org/10.1056/NEJMp2006740
https://doi.org/10.3238/arztebl.2020.0336


10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:16822  | https://doi.org/10.1038/s41598-022-21137-z

www.nature.com/scientificreports/

 6. Harbert, R., Cunningham, S. W. & Tessler, M. Spatial modeling could not differentiate early SARS-CoV-2 cases from the distribu-
tion of humans on the basis of climate in the United States. PeerJ 8, e10140. https:// doi. org/ 10. 7717/ peerj. 10140 (2020).

 7. Rajendran, D. K. et al. Systematic literature review on novel corona virus SARS-CoV-2: A threat to human era. Virus Dis. 11, 1–3. 
https:// doi. org/ 10. 1007/ s13337- 020- 00604-z (2020).

 8. Hazbavi, Z., Mostfazadeh, R., Alaei, N. & Azizi, E. Spatial and temporal analysis of the COVID-19 incidence pattern in Iran. 
Environ. Sci. Pollut. Res. Int. 28(11), 13605–13615. https:// doi. org/ 10. 1007/ s11356- 020- 11499-0 (2021) (Epub 2020 Nov 14).

 9. Martinez-Alvarez, M. et al. COVID-19 pandemic in West Africa. Lancet Glob. Health 8, E631–E632. https:// doi. org/ 10. 1016/ 
S2214- 109X(20) 30123-6 (2020).

 10. Gilbert, M. et al. Preparedness and vulnerability of African countries against importations of COVID-19: A modelling study. The 
Lancet 395, 871–877 (2020).

 11. Adekunle, A. I. et al. Is Nigeria really on top of COVID-19? Message from effective reproduction number. Epidemiol. Infect. 148, 
e166 (2020).

 12. Carroll, R. & Prentice, C. R. Community vulnerability and mobility: What matters most in spatio-temporal modeling of the 
COVID-19 pandemic?. Soc. Sci. Med. 287, 114395. https:// doi. org/ 10. 1016/j. socsc imed. 2021. 114395 (2021) (Epub 2021 Sep 11).

 13. Gayawan, E., Fasusi, O. D. & Bandyopadhyay, D. Structured additive distributional zero augmented beta regression modeling of 
mortality in Nigeria. Spat. Stat. 35, 100415 (2020).

 14. Kang, D. et al. Spatial epidemic dynamics of the COVID-19 outbreak in China. Int. J. Infect. Dis. 94, 96–102 (2020).
 15. Salyer, S. J. et al. The first and second waves of the COVID-19 pandemic in Africa: A cross-sectional study. Lancet 397(10281), 

1265–1275. https:// doi. org/ 10. 1016/ S0140- 6736(21) 00632-2 (2021) (Epub 2021 Mar 24).
 16. Margolin, E. et al. Prospects for SARS-CoV-2 diagnostics, therapeutics and vaccines in Africa. Nat. Rev. Microbiol. 18, 690–704. 

https:// doi. org/ 10. 1038/ s41579- 020- 00441-3 (2020).
 17. Gayawan, E. et al. The spatio-temporal epidemic dynamics of COVID-19 outbreak in Africa. Epidemiol. Infect. 148, e212. https:// 

doi. org/ 10. 1017/ S0950 26882 00019 83 (2020).
 18. Post, L. A. et al. A SARS-CoV-2 surveillance system in sub-Saharan Africa: Modeling study for persistence and transmission to 

inform policy. J. Med. Internet. Res. 22(11), e24248. https:// doi. org/ 10. 2196/ 24248 (2020).
 19. WHO Health Emergency Dashboard. WHO (COVID-19) Homepage. Sudan Situation. 7:06pm CEST, 15 September 2022. https:// 

covid 19. who. int/ region/ emro/ count ry/ sd.
 20. Gross, B., et al. Spatio-temporal propagation of COVID-19 pandemics. EPL (Europhysics Letters) 131(5), 58003 (2020). 
 21. Morais, L. R. A. & Gomes, G. S. D. S. Applying spatio-temporal scan statistics and spatial autocorrelation statistics to identify 

Covid-19 clusters in the world—A vaccination strategy?. Spat Spatiotemp. Epidemiol. 39, 100461. https:// doi. org/ 10. 1016/j. sste. 
2021. 100461 (2021) (Epub 2021 Oct 25).

 22. Xie, Z. et al. Spatial and temporal differentiation of COVID-19 epidemic spread in mainland China and its influencing factors. 
Sci. Total Environ. 744, 140929. https:// doi. org/ 10. 1016/j. scito tenv. 2020. 140929 (2020) (Epub 2020 Jul 14).

 23. Franch-Pardo, I., Napoletano, B., Rosete, F. & Billa, L. Spatial analysis and GIS in the study of COVID-19. Sci. Total Environ. 739, 
140033 (2020).

 24. Goswami, K., Bharali, S. & Hazarika, J. Projections for COVID-19 pandemic in India and effect of temperature and humidity. 
Diabetes Metab. Syndrome 14, 801–805 (2020).

 25. Shen, H. et al. Increased air pollution exposure among the Chinese population during the national quarantine in 2020. Nat. Hum. 
Behav. 5, 239–246 (2021).

 26. Xu, Z., Lv, Z., Li, J., Sun, H., Sheng, Z. A novel perspective on travel demand prediction considering natural environmental and 
socioeconomic factors. in IEEE Intelligent Transportation Systems Magazine. https:// doi. org/ 10. 1109/ MITS. 2022. 31629 01 (2022).

 27. Lucero-Prisno, D. E. 3rd. et al. Drug shortage crisis in Sudan in times of COVID-19. Public Health Pract. (Oxf). 1, 100060. https:// 
doi. org/ 10. 1016/j. puhip. 2020. 100060 (2020).

 28. Dalal, J. et al. COVID-19 mortality in women and men in sub-Saharan Africa: A cross-sectional study. BMJ Glob Health 6(11), 
e007225. https:// doi. org/ 10. 1136/ bmjgh- 2021- 007225 (2021).

 29. Abd El-Raheem, G. O. H. et al. Extent of COVID-19 healthcare services of isolation center of private hospital across Khartoum 
State Sudan. J. Environ. Public Health. 2022, 6745813. https:// doi. org/ 10. 1155/ 2022/ 67458 13 (2022).

 30. Vitiello, A., Ferrara, F., Troiano, V. & La Porta, R. COVID-19 vaccines and decreased transmission of SARS-CoV-2. Inflammop-
harmacology 29(5), 1357–1360. https:// doi. org/ 10. 1007/ s10787- 021- 00847-2 (2021) (Epub 2021 Jul 19).

 31. Ariyo, O. E., Oladipo, E. K., Osasona, O. G., Obe, O. & Olomojobi, F. COVID-19 vaccines and vaccination: How prepared is Africa?. 
Pan Afr. Med. J. 39, 107. https:// doi. org/ 10. 11604/ pamj. 2021. 39. 107. 27912 (2021).

 32. Tessema, S. K. & Nkengasong, J. N. Understanding COVID-19 in Africa. Nat. Rev. Immunol. 21(8), 469–470. https:// doi. org/ 10. 
1038/ s41577- 021- 00579-y (2021) (Epub 2021 Jun 24).

Acknowledgements
The authors are grateful to Shurouq O. H. Abdelraheem, Faculty of Engineering, University of Khartoum for 
her assistance in the data entry process. The authors also acknowledge the cooperation of the departments of 
the federal Ministry of Health.

Author contributions
All authors have read the final manuscript and gave their approval for publication. A.G.O.H.: developed the 
proposal, got the ethical approval, collected the data, conducted the analysis, assisted in manuscript writing and 
read the final manuscript. E.H.E.S.: assisted in getting the ethical approval, wrote the original manuscript and 
read the final manuscript. A.Z.M.O.: collected the data and read the final manuscript. N.M.: supervised the study 
from the proposal writing to the manuscript submission, revised the results and proof read the final manuscript. 
All authors have read the final manuscript and gave their consent for the article to be published in this journal. 
No clinical details of participants that might compromise their anonymity were used in the development of this 
manuscript titled “Spatial–Temporal Trends of COVID-19 Infection and Mortality in Sudan”.

Funding
The authors received no specific funding for this work.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.7717/peerj.10140
https://doi.org/10.1007/s13337-020-00604-z
https://doi.org/10.1007/s11356-020-11499-0
https://doi.org/10.1016/S2214-109X(20)30123-6
https://doi.org/10.1016/S2214-109X(20)30123-6
https://doi.org/10.1016/j.socscimed.2021.114395
https://doi.org/10.1016/S0140-6736(21)00632-2
https://doi.org/10.1038/s41579-020-00441-3
https://doi.org/10.1017/S0950268820001983
https://doi.org/10.1017/S0950268820001983
https://doi.org/10.2196/24248
https://covid19.who.int/region/emro/country/sd
https://covid19.who.int/region/emro/country/sd
https://doi.org/10.1016/j.sste.2021.100461
https://doi.org/10.1016/j.sste.2021.100461
https://doi.org/10.1016/j.scitotenv.2020.140929
https://doi.org/10.1109/MITS.2022.3162901
https://doi.org/10.1016/j.puhip.2020.100060
https://doi.org/10.1016/j.puhip.2020.100060
https://doi.org/10.1136/bmjgh-2021-007225
https://doi.org/10.1155/2022/6745813
https://doi.org/10.1007/s10787-021-00847-2
https://doi.org/10.11604/pamj.2021.39.107.27912
https://doi.org/10.1038/s41577-021-00579-y
https://doi.org/10.1038/s41577-021-00579-y


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:16822  | https://doi.org/10.1038/s41598-022-21137-z

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 21137-z.

Correspondence and requests for materials should be addressed to G.O.H.A.-R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-21137-z
https://doi.org/10.1038/s41598-022-21137-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Spatial–temporal trends of COVID-19 infection and mortality in Sudan
	Materials and methods
	Results
	Description of COVID-19 infection rate in Sudan. 
	Spatial–temporal COVID-19 infection across the states of Sudan. 
	Correlation between cumulative COVID-19 infection and population density across the States of Sudan. 
	Description of COVID-19 mortality rate in Sudan. 
	Spatial–temporal COVID-19 mortality rate across the States of Sudan. 
	Cumulative COVID-19 mortality across the States of Sudan. 
	Prevalence of COVID-19 infection in Sudan. 
	Correlation between COVID-19 infection and mortality trends over time. 

	Discussion
	Conclusions
	References
	Acknowledgements


