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Abstract

Fungal diseases are associated with high morbidity and mortality, yet their epidemiology
and burden are not well addressed. While deaths probably exceed 1.5 million per year,
many cases remain undiagnosed and underreported. Estimating the burden of these dis-
eases is needed for prioritization and implementation of effective control programs. Here we
used a model based on population at risk to estimate the burden of serious fungal infections
in Sudan. The prevalence of the susceptible population including HIV, TB, cancer, asthma,
and COPD was obtained from the literature. Incidence and prevalence of fungal infections
were calculated using local data when applicable and if not available then regional or inter-
national figures were used. In total, the estimated number of Sudanese suffering from fungal
disease is 5 M (10% of the total population). Tinea capitis, recurrent vulvovaginitis and kera-
titis are estimated to affect 4,127,760, 631,261, and 6,552 patients, respectively. HIV-
related mycosis is estimated to affect 5,945 oral candidiasis, 1,921 esophageal candidiasis,
571 Pneumocystis pneumonia, and 462 cryptococcal meningitis cases. Aspergillus infec-
tions are estimated as follow: 3,438 invasive aspergillosis, 14,950 chronic pulmonary asper-
gillosis, 67,860 allergic bronchopulmonary aspergillosis cases, while the prevalence of
severe asthma with fungal sensitization and fungal rhinosinusitis was 86,860 and 93,600
cases, respectively. The neglected tropical disease eumycetoma was estimated to affect
16,837 cases with a rate of 36/100,000. Serious fungal infections are quite common in
Sudan and require urgent attention to improve diagnosis, promote treatment, and develop
surveillance programs.

Author summary

Fungal infections are present globally, but the burden is higher in sub-Saharan Africa.
Many of these infections occur because of underline clinical conditions such as HIV, TB,
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cancer, asthma, and chronic obstructive pulmonary disease (COPD), while some may
occur without underline conditions. We used the prevalence of susceptible populations to
estimate the burden of fungal diseases in Sudan. Based on that, we found a total of 5 mil-
lion Sudanese suffering from fungal infection. The most common disease was scalp infec-
tion (tinea capitis), followed by recurrent vulvovaginitis. Fungal eye infection was
estimated to affect 6,552 patients, and the subcutaneous neglected tropical disease eumy-
cetoma affects 16,837 individuals. We also reported a high burden for HIV- and TB-
related mycoses. The study highlighted the need to develop surveillance programs for fun-
gal infections in Sudan.

Introduction

The African continent has the highest prevalence of infectious diseases in the world leading to
many years of life lost (YLL) and high disability-adjusted life years (DALYs) lived [1]. Esti-
mated deaths as a result of communicable diseases in 2019 was 4.1 million. The high death rate
is mainly attributed to human immunodeficiency virus (HIV), respiratory infections, malaria
and tuberculosis (TB) among others [2]. Malnutrition, poverty, and illiteracy are the main
drivers, as 34 out of 54 African countries are classified as low or lower middle income coun-
tries [3]. Of the total global HIV and TB cases, 75% and 25% are found in Sub-Saharan Africa,
respectively [4,5]. With the introduction of antiretroviral therapy and national TB programs in
many countries, the control of these infections has remarkably improved. However, mortality
remains high mainly because of other comorbid conditions such as fungal infections [6].
Around 50% of opportunistic infections affecting HIV individuals are thought to be caused by
fungi. Cryptococcal meningitis and Prneumocystis pneumonia are the most common AIDS-
related mycotic diseases with an annual reported incidence of 220,000 and 400,000 respectively
[7,8]. Patients with pulmonary TB are at moderate risk for the development of chronic pulmo-
nary aspergillosis (CPA), with an estimated prevalence of ~3 million cases [9]. Notably, a large
proportion of these infections occur in Africa [10]. Despite the high burden of fungal diseases
in Africa and worldwide, they have received little attention by healthcare organizations. That
is mainly because mycotic infections are challenging in terms of diagnosis, treatment and con-
trol [11].

Fungal infections in humans are mainly caused by about 30 species of fungi, with a large
diversity of other species as occasional pathogens or allergens. Infections range from superfi-
cial affecting skin, hair, and nail to deep systemic and invasive conditions [12]. Invasive infec-
tions are generally caused by a few species and occur mainly in patients with underlying
diseases or under immunosuppressive medications [11]. In such patients, the most commonly
reported fungi are Candida, Pneumocystis jirovecii, Cryptococcus, and Aspergillus, with other
important potentially lethal opportunists including Mucorales, Histoplasma, Talaromyces, and
Emergomyces [12]. Patients with cystic fibrosis, chronic lung diseases or anatomically impaired
lungs are at risk of infection by many fungal species, mainly Aspergillus. Serious cutaneous or
subcutaneous infections include sporotrichosis, chromoblastomycosis, mycetoma, and phaeo-
hyphomycosis [12].

In recent years, efforts have been made by Global Action for Fungal Infections (GAFFI,
https://gaffi.org/) and the Leading International Fungal Education (LIFE, https://www.
fungaleducation.org/) to estimate the burden of fungal diseases both globally and in many
countries in the world. In Africa, and for the first time, the burden of mycotic diseases has
been studied and estimated for about 23 countries [13]. In all these studies, reliable data on
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fungal infections are limited or unavailable, particularly for entities other than cryptococcosis.
In addition, the estimated incidence and prevalence of fungal diseases was found to be much
higher than previously assumed or reported. For example, studies have shown that, around 8%
of the Ethiopian population and 11.5% of Eritrean population suffer annually from serious
fungal infections [14,15]. Of these infections, cryptococcal meningitis, Pneumocystis pneumo-
nia and aspergillosis are the most frequent potentially lethal conditions. However, reported
cases attributed to these fungi in countries like Ethiopia or Eritrea are few.

The Republic of Sudan, located in Northeast Africa, is bordered by Egypt, Eritrea, Ethiopia,
South Sudan, Central African Republic, Chad and Libya. With a total area of 1,882,000 km?,
the country is the third largest country in Africa. It has been independent since 1956 and to
date, Sudan has suffered internal conflict, civil war, and political instability. More than half of
the population resides in rural areas and around 46% live below the line of poverty [16]. Sudan
is endemic with mycetoma with more than 7,000 cases reported by the Mycetoma Research
Center (MRC) in Khartoum [17]. Despite that, mycetoma has been severely neglected for
many decades, and only after the advocacy of MRC and mycetoma consortium was the disease
added to the World Health Organization (WHO) list of Neglected Tropical Diseases (NTDs),
along with chromoblastomycosis and sporotrichosis [18]. In the present study, we aimed to
investigate the burden of serious fungal diseases in Sudan and provide a clear view of the
mycotic diseases profile in the country.

Methods

The basis of our estimates is the use of appropriate denominators of at-risk populations and
applying numerators for different fungal diseases. We sourced total population and the num-
ber of children (<15 years) from the CIA fact book [19]. To estimate chronic obstructive pul-
monary disease (COPD), we used the ratio of those over 40 years to the total from UN
estimates for 2020 [20]. We took data about HIV prevalence, proportion on antiretroviral ther-
apy (ART), and AIDS-related deaths from UNAIDS for 2020 [21]. We calculated the propor-
tion at risk of opportunistic fungal infections by assuming a 7-year decline in CD4 counts to
<200x 10° combined with an average of 11% failing ART [22]. Pulmonary TB was taken from
the WHO Global tuberculosis report 2020 [23]. We assumed a 10% rate of asthma in adults,
taken from the 2003 World Health Survey in Ethiopia [24]. Unpublished data indicates a 16%
prevalence of COPD in those over 40 years [25] and we have assumed a 10.5% admission to
hospital (or equivalent healthcare contact) for exacerbations. Lung cancer and acute leukaemia
for 2020 were taken from the International Agency for Research on Cancer [26] and the acute
myeloid leukaemia rate from the WHO estimates for low-income countries (2.5/100,000) [27].
Annual renal transplantation procedures for 2020 (possibly lowered by COVID-19) were
taken from the International Registry on Organ Donation and Transplantation [28].

For the prevalence and incidence of fungal disease in Sudan, we searched PubMed, Web of
Science and Google Scholar databases. We also searched scientific repositories and health
reports published by national and international professional organizations. The initial search
was performed using the term “Sudan” and “fungal infection” or “Sudan” and “mycosis”. We
searched the databases for individual fungal disease and underline risk groups. If no data was
avaijlable, we calculated the burden using regional or international figures.

Results

In 2021, the estimated population of Sudan was 46.8 million; of them 42% were children and
20% were adults over 40 years [19] (Table 1). According to the World Bank data, Gross
Domestic Product (GDP) per capita in Sudan is around 764.3 US$ [29]. The public health

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011464  September 1, 2023 3/16


https://doi.org/10.1371/journal.pntd.0011464

PLOS NEGLECTED TROPICAL DISEASES Burden of fungal diseases in Sudan

Table 1. Demographic data and the population at risk for fungal infections in Sudan.

Data Number Comment Reference
Population 46.8 million 2021 [19]
Children 0-14 19.7 million 42% of the population [19]
Adults over 40 years 9.36 million 20% of the population [20]
HIV/infection 49,000 Prevalence of HIV/AIDS 2020 [21]
Pulmonary TB 28,000 Annual incidence 2020 [23]
Asthma in adults 10% Taken from Ethiopia (2003) [24]
COPD patients 1,360,800-2,214,950 Population, 3.5%, extrapolated from Egypt, 16% of >40 years unpublished data from Sudan [25,32]
COPD hospital admissions 142,900-232,570 10.5% annually, extrapolated from Algeria [33]
Lung cancer 647 1.4/100 000 incidence 2020 [26]
Acute leukaemia 1,297 2.7/100,000 incidence [27]
Renal transplantation 139 2020 [28]

https://doi.org/10.1371/journal.pntd.0011464.t001

infrastructure in the country is underdeveloped with a very low health expenditure of only
1.15% GDP. There are only 1.6 primary health care facilities and 6.7 hospital beds per 10,000
population. Low wages and income instability have resulted in high attrition of Sudanese med-
ical staff leaving only 4.1 physicians and 8.3 nurses per 10,000 inhabitants [30,31].

Among the sub-Saharan African countries, Sudan is considered to be one of the lowest
HIV-burden countries with an estimated prevalence among adults of 0.1% in 2020. Of the esti-
mated 49,000 people living with HIV (PLHIV) in 2020 only 18,000 knew their status and
12,000 were on antiretroviral therapy, while the estimated death is about 2,300 [21]. Although
invasive fungal diseases on the global scale contribute to about 50% of AIDS-related death
annually [22], no available data on fungal disease related death in HIV patients in Sudan.
Therefore, we estimated the burden based on figures from other studies [8,34,35]. We esti-
mated the annual incidence of AIDS related fungal diseases in Sudan to be: 462 cases of crypto-
coccal meningitis, 571 cases of Pneumocystis pneumonia, 1,921 of oesophageal candidiasis,
and 5,945 of oral candidiasis. Although histoplasmosis is an AIDS defining disease and has
been reported to coexist with TB/HIV in sub-Saharan countries [36], we could only find two
case reports [37,38].

In addition to HIV, respiratory diseases such as COPD and cancer are among the risk fac-
tors for the development of invasive aspergillosis [39]. The prevalence of COPD in Sudan was
found to be 16% in those over 40 years of age, and the annual incidence of lung cancer and
acute leukemia was 647 and 1,297 cases, respectively [26,27]. We assumed that 13% of cases of
acute myeloid leukaemia develop invasive aspergillosis [40], and an equal number of cases in
other leukaemias and lymphomas [35,40], also that 4% of HIV deaths are linked to invasive
aspergillosis [41]. Based on this data, we have estimated the overall annual incidence of inva-
sive aspergillosis to be 3,438 cases (35 per 100,000).

Closely linked to malnutrition and poverty, TB remains one of the major health issues in
Sudan with an infection rate of 63 per 100,000 population and a mortality rate of 9.81 per
100,000 population [23]. Some patients with negative tests for TB are included in these figures,
and some will have alternative diagnoses such as chronic pulmonary aspergillosis (CPA). After
treatment for pulmonary TB, lung cavitation develops in 20% to 40% of patients. This leads to
colonization by Aspergillus species and in some the subsequent development of CPA [42]. We
estimated CPA following TB infection in Sudan using the recently published model for India,
and data from Africa [43,44]. CPA cases which are mistaken for, are co-infections with or
occur in the months after therapy for TB are estimated at 3,359 cases annually, of whom
around 359 die, accounting for 11.7% of TB all deaths. The cumulative prevalence of CPA
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including those cases and those occurring post TB cure over 5 years is estimated at 14,950
cases, with an annual mortality of 1,338.

A community-based survey on asthma conducted in 4 cities in Sudan estimated the preva-
lence of the disease in adults to be around 10% [45]. A slightly higher prevalence of 12.5% has
been reported in children [46], and under-diagnosis is very common [47]. Allergic broncho-
pulmonary aspergillosis (ABPA) occurs mostly as a complication of asthma and other diseases
affecting respiratory function such as cystic fibrosis (CF) [48]. In Sudan, cystic fibrosis is rela-
tively rare and only 35 cases have been reported [49]. The 2,714,400 adults living with asthma
in Sudan are probably at risk of ABPA, and to estimate the burden we assume that 2.5%
develop ABPA according to studies conducted in South Africa, Saudi Arabia and Uganda [50-
52]. The likely prevalence of ABPA in Sudan can then be calculated as 67,860 (145 per
100,000). The severity of asthma usually increases in those with sensitization by Aspergillus or
other fungi and has been reported in 42% of Ugandan adults with asthma [52]. To estimate the
burden of severe asthma with fungal sensitization (SAFS), we assume that severe asthma
occurs in 20% of the total asthmatic population and of those, 16% have SAFS. Thus, the preva-
lence of SAFA in Sudan is conservatively estimated at 86,860 cases (191 per 100,000). There
may be some overlap between ABPA and SAFS, but patients with allergic bronchopulmonary
mycosis [52] have been omitted from the estimates.

Depending on the infected host, the clinical presentation of fungal rhinosinusitis can range
from allergic to granulomatous or invasive and life threatening. The prevalence of the allergic
rhinosinusitis ranges from 10% to 40% and of these 5% are assumed to be caused by fungi and
we have used a 2% rate [53,54]. Accordingly, we estimated that allergic and granulomatous rhi-
nosinusitis in Sudan possibly affect as many as 93,600 people, a prevalence of 200 per 100,000.
Veress et al. [55] studied 46 cases of granulomatous sinusitis from Sudan due to Aspergillus.
Additionally, in around 4 years, Ahmed and Osman [56] reported their experience with 440
cases of fungal rhinosinusitis from two centers in Khartoum. Furthermore, of the 579 nasal
biopsy samples studied by Mahgoub et al. [57], 280 were positive for fungi, and at least eight
patients were diagnosed with chronic invasive fungal sinusitis [57].

Candidemia and Candida peritonitis are particularly serious infections affecting critically ill
patients, such those in ICU. We couldn’t find data on these infections in Sudan. Internation-
ally, the incidence of candidemia has been estimated to occur in 2 to 21 per 100,000 [10]. We
have applied a low international figure (5 per 100,000) to determine the annual incidence in
Sudan, a total of 2,340 cases. Candida peritonitis in surgical patients is estimated to infect 351
cases per year if we assume that 33% of candidemia cases are ICU patients and 50% of them
might develop Candida peritonitis [58].

Globally, around 138 million women are affected yearly by recurrent vulvovaginal candidia-
sis (rVVC), occurring at least 4 episodes per year, and the prevalence among African women is
33% [59]. In Sudan, Kafi et al. [60] reported a prevalence of 10.1%, while in pregnant women
who are at higher risk, the reported prevalence was 16.6% and 32.6% according to Nemery
etal. [61] and Abdelaziz et al. [62], respectively. In general, women in the age bracket of 15-50
years are at risk of rVVC. Using a conservative 6% proportion on this age group [63], around
631,300 Sudanese women are probably affected by rVVC (2698 per 100,000).

Cases of entomophthoramycosis were reported from Sudan: 10 cases of basidiobolomycosis
and one caused by Conidiobolus spp. [64-67]. The latter case was an immigrant from Sudan
who was diagnosed one month after arrival in Switzerland. For mucormycosis, we estimated
an annual incidence of 94 cases with an infection rate of 0.2 per 100,000 population, based on
data from France [68].

Sudan is an endemic region for mycetoma; the incidence in a single endemic village was
found to be 14.5 per 1,000 inhabitants [69]. This long-standing and disabling disease carries a
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significant burden to each patient and their community. About 86% (5,819) of the mycetoma
patients reported by the MRC had have the infection for nearly 10 years. Yet, the exact preva-
lence of the disease in Sudan is unknown. Abbott reported a total of 1,231 patients admitted to
Sudanese hospitals in a period of 2.5 years [70]. Using a geostatistical model, Hassan et al. [71]
estimated the burden of the disease over 28 years to be 51,541 cases. Based on that, we calculate
a total of 1,841 new cases annually. Assuming a 2% annual mortality and an infection duration
of 10 years, we estimate an annual total of 16,837 prevalent cases, with a prevalence of 36 per
100,000. For other implantation mycosis: we did not find any report for chromoblastomycosis
and only found two cases of sporotrichosis in the literature [72].

Tinea capitis was reported in 3.22% of school children in Sudan [73]. More recent data
from the Eastern part of the country showed a prevalence of 17% [74]. We estimated the preva-
lence from the total number of children who are risk of infection using 19%, and probably
4,127,760 are affected [75].

For fungal keratitis, we could not find epidemiologic data from Sudan. Therefore, we esti-
mated the burden based on the data from Egypt as 14 per 100,000 individuals which gave an
annual incidence of 6,550 patients [76].

Discussion

Like other African developing countries, Sudan suffers from an excessive burden of both com-
municable and non-communicable diseases [30]. In the present study, and for the first time,
the burden of serious fungal infections in Sudan is investigated. According to our results,
around 5 million Sudanese are suffering from fungal diseases; representing 10% of the total
population (Table 2). Though very high, the burden is similar to that reported from Ethiopia,
but higher than Egypt [14,76]. That is mainly because these estimates were based on the popu-
lation at risk, and therefore variability between countries is anticipated. Furthermore, Sudan

Table 2. Estimated burden of serious mycotic infections in Sudan.

Serious Fungal Infection

Cryptococcal meningitis

Pneumocystis pneumonia

Invasive aspergillosis

Chronic pulmonary aspergillosis
Allergic bronchopulmonary aspergillosis
Severe asthma with fungal sensitisation

Allergic and granulomatous fungal
rhinosinusitis

Candidaemia

Candida peritonitis

Oral candidiasis

Oesophageal candidiasis

Recurrent Candida vaginitis (>4x/year)
Mucormycosis

Mycetoma

Fungal keratitis

Tinea capitis

Total serious fungal infection burden

https://doi.org/10.1371/journal.pntd.0011464.t1002

Underline disorder

None HIV/ AIDS | Respiratory | Cancer |Critical care & Totals Prevalence /100,000 | Reference
Surgery
462 462 0.99 (8]
571 571 1.22 [35]
92 3040 306 3438 7.35 [39,77]
14,950 14,950 31.94 [43,44]
67,860 67,860 145 [48]
86,860 86,860 191 [50-52]
93,600 93,600 200 [53,54]
1638 702 2340 5 [10]
351 351 0.75 [58]
5945 5945 12.7 (78]
1921 1921 4.1 [34,79]
631,300 631,300 2698 [63]
94 94 0.2 [68]
16,837 16,837 36 [71]
6550 6550 14 [76]
4,127,760 4,127,760 8820 [75]
5,060,792
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and Ethiopia are low-income countries sharing similar economic conditions while Egypt is
lower middle-income country.

The most prevalent fungal infection in Sudan based on our estimates is tinea capitis, a
superficial disease caused by dermatophytes and primarily affects children of school age. Der-
matophytoses are the most common fungal infections worldwide infecting around 20%-25%
of the world’s population [80]. In Africa, around 138.1 million children suffer from tinea capi-
tis, which is around one out of every five children [75]. Thus, our estimates of 4,127,760 case
in Sudan is not surprising and is close to what has been reported in other Sub-Saharan coun-
tries [75]. Furthermore, tinea capitis is highly contagious infection; of the 117 patients studied
by Magzoub et al. and attended Khartoum Dermatological Hospital, 82.9% reported a history
of contact with infected patients [81]. Unlike skin and nail dermatophytosis, scalp infection is
a morbid condition that requires prolonged antifungal medication and might cause inflamma-
tion resulting in permanent hair loss. The British Association of Dermatologists recommends
the use of terbinafine for treating infections by Trichophyton and griseofulvin for treating cases
of Microsporum spp. [82]. Therefore, optimal diagnosis should not only be made by direct
microscopy, but also by culture to allow species identification. In Sudan, direct microscopy is
performed occasionally in specialized laboratories and culture is rarely performed [83]

(Table 3).

Fungal keratitis is a potentially blinding condition that annually affects over 1 million indi-
viduals from all over the world [84]. The burden is however higher in tropical and subtropical
areas; in a study from East Africa, fungal keratitis accounted for 25% of the total microbial ker-
atitis, and in Egypt it was 55% [85,86]. Of the 64,529 Sudanese patients studied by Lakho et al.
[87], 1279 (3.8%) had an eye infection, but the type of microorganism was not determined. To
estimate the burden in Sudan, we applied the estimates from Egypt (14 per 100,000) [76].
Mycotic keratitis is considered an ophthalmic emergency requiring rapid intervention to pre-
vent ocular morbidity and eye loss. Detection of fungal elements in the corneal scraping fol-
lowed by culture are the gold standard diagnostic procedures [84]. In Sudan, fungal culture is
rarely performed, and direct microscopy of corneal scraping is only available in limited situa-
tions (Table 3). Fungal culture is needed to identify the etiology: more than 100 species of
fungi are reported to cause fungal keratitis, among them is the multidrug resistant Fusarium
[84]. Natamycin eye drops, a drug that was added to the WHO list of essential medicines in
2017 is the first line antifungal therapy for treating fungal keratitis [88]. Nevertheless, based on
GAFFI’s surveys, this drug is not available in many countries in the world including Sudan
[89]. Most of the cases estimated in our study probably have gone undiagnosed or not received
proper treatment. With the current lack of diagnosis and treatment of fungal keratitis globally,
scientists have called for the disease to be added to the WHO list of neglected tropical diseases
[84].

Sudan is the country where the highest number of mycetoma cases are present; the country
is described as the disease homeland. The first report of mycetoma in Sudan is back to the 18"
century, yet diagnosis and treatment remain challenging. In 1991, the MRC was established in
Khartoum to provide medical care for the patients and to promote research [17]. After the rec-
ognition of mycetoma as a neglected tropical disease, the MRC has officially become a WHO
Collaborating Center. Recently, researchers from the center have tried to estimate the burden
of the disease for a period of 28 years; the overall number of people who have been suffering
from mycetoma was 63,825 cases of which eumycetoma accounted for 51,541 (81%) cases
[71]. However, comprehensive epidemiologic data on mortality or DALY expectancy related
to this disabling condition is currently unavailable. Eumycetoma prevalence based on our
study was 36 per 100,000. This rate is remarkably high, and the burden of other serious fungal
diseases estimated in the present study are high too. For example, pulmonary aspergillosis
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(CPA and IA) affects 18,338 individuals, and fungal keratitis affect 6,552; both infections
require extensive diagnostic procedures and antifungal therapy but are not on the list of the
WHO of neglected diseases. Thus, not only mycetoma, but other serious fungal diseases are
neglected too.

Although our estimates showed a high burden of fungal infections in immunocompetent
individuals, we also have found a high burden in patients with underlying disorders that are
more susceptible or at risk for opportunistic fungal diseases. Among the most affected popula-
tion are HIV/AIDS and TB patients. In Sudan, the number of HIV cases is relatively low, but
tuberculosis is remarkably high. In 2020, around 28,000 Sudanese were infected by M. tubercu-
losis, and this number will probably increase as a result of current conflict and economic insta-
bility [91]. Survivors of TB may develop CPA in 6.5% of individuals with remaining cavities,
each year, and a significant minority of those thought to have pulmonary TB with negative
tests probably have CPA [43]. Globally, CPA is thought to affect around 3 million individuals
of whom 1.2 million are post-TB [44]. In Sudan, despite the large number of TB infected indi-
viduals, CPA is rarely diagnosed. In 1972, Mahgoub and Elhassan reported a case of pulmo-
nary aspergillosis with cavitation, probably representing CPA [92]. Furthermore, Aspergillus
spp. was isolated from 9 out of 150 TB patients studied by Baraka et al. in Khartoum [93].
According to our estimates around 3,000 TB survivors are affected by CPA annually. This is
similar to what has been reported in Ethiopia, a country with a high burden of TB like Sudan
[14]. CPA is associated with a high mortality rate; estimated to be 1,338 annually in the current
study. Thus, patients with persistent pulmonary symptoms but smear negative should be
screened for CPA; presence of cavities in X-ray combined with serology or direct detection
and isolation of Aspergillus from respiratory samples are the main diagnostic criteria [94]. Sur-
prisingly, the above-mentioned tests might be available in Sudan, but the detection rate of
CPA patients is extremely low. That is likely due to the inadequate awareness of physicians
and healthcare professionals. During the period of 4 years, the mycology reference laboratory
in Khartoum received only 713 sputum samples from patients with suspected fungal infec-
tions. Underlying diseases in those patients were not only TB, but also other respiratory condi-
tions such as asthma [95].

Fungal allergy (sensitization) and airways infection affect asthmatic patients and are usually
manifest as SAFS and ABPA (otherwise known as ‘fungal asthma’), with some overlap between
the two conditions. Fungal asthma is usually linked to poorly controlled asthma and respon-
sive to antifungal therapy [96]. Our estimate for SAFS is 86,860 and for ABPA is 67,860, plac-
ing them as the fourth most common fungal diseases in Sudan. Compared to other
neighboring countries, these estimates are relatively lower than in Egypt, but similar to the
Democratic Republic of Congo [76,97]. In Sudan, asthma is among the top 10 cause of hospi-
talization, and the rate of uncontrolled disease is very high reaching up to 84.5% according to a
recent study from Osman et al. [98].

In general, the prevalence of asthma and other respiratory diseases such as COPD in Africa
is high, particularly in the sub-Saharan countries. Among the main risk factors are tobacco
smoking and air pollution resulting from the use of unprocessed biomass fuels. Around 90%
of rural population in Africa rely on biomass fuels for cooking, and that holds true for Sudan,
as half of Sudanese population reside in rural area [99]. The estimated prevalence of COPD in
Sudan is 2,214,950 cases of whom 232,570 are probably hospitalized, annually [25]. Those
patients are at risk of invasive aspergillosis; we estimated an annual incidence of 3,040 cases of
IA in COPD patients. This needs further study. Invasive aspergillosis also affects patients with
malignancies, transplantation, and AIDS. With the emergence of COVID-19, another popula-
tion has become at risk of infection [100]. Invasive infections by Aspergillus are generally asso-
ciated with high morbidity and mortality. Therefore, WHO placed Aspergillus fumigatus
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among the critical group in the priority list of pathogenic fungi [101]. A consensus guideline
for the treatment of invasive aspergillosis recommends the use of voriconazole as first line
therapy or, if not available, then isavuconazole, posaconazole, amphotericin B or an echino-
candin [102]. Unfortunately, all these drugs are not available in Sudan and of all the azoles
only itraconazole and fluconazole are available [89] (Table 3).

According to UNAIDS, deaths from AIDS-related illness in Sudan in 2021 were 2,300, of
which fungal infections are probably among the major causes. Every year, around 135,000 peo-
ple in sub-Saharan Africa lose their life because of cryptococcal meningitis [8]. We estimated
the annual number of new cases of CM and PCP among adult HIV/AIDS in Sudan to 462 and
571, respectively. These estimates are considerably low compared to other countries in Africa
[8,14]. We did not estimate the burden in non-HIV populations. Nevertheless, we could not
find a single report from Sudan for the two diseases in both HIV and non-HIV individuals.
That is probably due to the lack of diagnostic methods in the country. Lumber puncture is
rarely performed and cryptococcal capsular antigen (CrAg) test is not available either
(Table 3). Detection of P. jirovecii in induced sputum or bronchoalveolar lavage from sus-
pected cases is the gold standard procedure for the diagnosis of PCP [103]. Microscopy is sim-
ple without requiring sophisticated instruments although Pneumocystis PCR is more sensitive
[103]. However, the lack of awareness and training among the physicians and laboratory per-
sonnel is probably the main reasons for under-reporting and under recognition of cases. Of
note that CM, PCP, and histoplasmosis are increasingly reported in Africa [104,105]. A recent
study from Nigeria found that 7.7% of HIV patients with low CD4 counts tested positive for
Histoplasma antigen [104]. In Sudan, there are probably more cases of Histoplasma than the
two cases of African histoplasmosis reported in 1988 and 2008 [37,38].

Candida and Candida-like yeasts are among the most common cause of fungal infections
globally. Invasive candidiasis is associated with high economic burden and high mortality rate
—up to 50% [58]. Based on our estimates, Candida related infections are the second most
common fungal infections in Sudan. Although mostly mucocutaneous, we estimated candide-
mia in around 2300 individual every year. The recommended antifungal therapy for candide-
mia in neutropenic and critically ill patients is echinocandins which is unavailable in Sudan,
but fluconazole is available (Table 3) [89]. Prior to the antifungal therapy, identification of the
yeast down to the species level is paramount especially after the emergence of the multi-drug
resistant C. auris, a species causing outbreaks in many countries of the world and has been
reported from Sudan [106].

In general, for most of the mycotic diseases that are probably present in Sudan, diagnostic
methods are lacking, and this could explain the scarcity of published data on these infections
(Table 3). Nevertheless, we were able to estimate the burden using data and models utilized to
study fungal diseases in other countries. Indeed, our estimates might not reflect the real situa-
tion, but they give some perspective on a high burden of some fungal diseases in the country.
For example, it is unlikely that there are no cases for cryptococcosis, PCP or pulmonary asper-
gillosis present in the Sudan, given the substantial number of asthmatic, TB and HIV patients.
Thus, obviously fungal diseases are badly neglected and require attention by healthcare author-
ities. There is an urgent need for campaigns to increase the awareness, promote research, and
develop national surveillance program. Healthcare and academic institutions should take ini-
tiative by developing research and provide training for medical staff. Of note, there is a mycol-
ogy reference laboratory in Khartoum located at the National Public Health Laboratory and
run by the Faculty of Medicine, University of Khartoum. Such laboratories must be sufficiently
well equipped to meet the requirement for diagnosis of fungal diseases.

In conclusion, the burden of serious fungal infections in Sudan has been estimated.
Remarkably, of every 100,000 Sudanese women 2,698 suffer from recurrent Candida vaginitis.
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In addition, the 6,552 patients suffering from fungal keratitis are probably at risk of blindness
in the absence of proper diagnosis and antifungal therapy. Awareness of morbidity and mor-
tality of mycotic diseases need to be addressed urgently. Furthermore, local epidemiologic data
is needed to validate the estimated burden and to provide more precise figures for the diseases
in the country.
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