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Abstract 

The World Health Organization, in response to the growing burden of
list (FPPL). This systematic review aimed to evaluate the epidemiolog
of Science were searched to identify studies published between Jan
care, complications and sequelae, antifungal susceptibility, risk f actor
the study time frames were selected. Overall, 24 studies were incl
varied across agents and species, with the minimum inhibitory con
was a common risk factor, detected in 65%–85% of patients with m
through infection was detected in 13.6%–100% on azole or echino
with some studies reporting stable rates in the USA of 0.094–0.11
increase in Iran from 16.8% to 24% between 2011 and 2015. Carefu
are required to de v elop clinical breakpoints to guide antifungal thera
incidence, trends, and global distribution. These data will provide ro
future FPPL. 
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Introduction 

Mucormycosis is a life-threatening spectrum of invasive 
fungal disease (IFD) caused by genera of the order Muco- 
rales.1 Previously known as zygomycosis because infections 
were caused by fungi of the former phylum, Zygomycota. 
Following the phylogenetic reanalysis of the kingdom Fungi, 
the name Zygomycota has been rendered obsolete.2 , 3 Di- 
abetes mellitus was initially the most common risk factor, 
but as the numbers of immunosuppressed patients has in- 
creased, hematological malignancies and transplantation now 

predominate.4–7 More recently, coronavirus diseases 2019 

(COVID-19) has emerged as an important risk factor for 
mucormycosis, particularly in India.8 This has highlighted 

the need to improve our understanding of the pathogenesis 
of mucormycosis. 

The most commonly reported pathogens causing mucormy- 
cosis are Rhizopus species (spp.), Mucor spp., Lichtheimia 
spp. (formerly from the genera Absidia and Mycocladus ), Rhi- 
zomucor spp., Cunninghamella spp., Apophysomyces spp., 
and Saksenaea spp. The different species vary in their geo- 
graphical distribution.4 , 9 Given that a large number of species 
cause human disease and have a limited capacity to grow on 

culture medium, experienced and expert mycologists are re- 
quired for identification. 

People with diabetes mellitus typically present with rhino- 
orbital-cerebral mucormycosis, whereas pulmonary mu- 
cormycosis predominates in immunosuppressed patients (i.e., 
neutropenic, with graft-versus-host diseases [GVHD]).4 , 10 

Cutaneous and soft-tissue mucormycosis are most com- 
monly seen in immunocompetent patients, usually following 
a traumatic injury.11 Primary gastrointestinal mucormycosis 
is rare, but it is the most common clinical manifestation in 

neonates.12 , 13 The mainstay of treatment is surgical debride- 
ment of necrotic tissue and a lipid formulation of ampho- 
tericin B, which may not be readily available in low- and 

middle-income countries (LMICs). Moreover, amphotericin B, 
even in its lipid form, is associated with significant adverse 
events. These factors likely contribute to the ongoing high 

mortality rates seen with mucormycosis (23%–90.9%).14 , 15 

Given the ongoing high mortality rates seen with IFD due to 

Mucorales, the aim of this systematic review was to evaluate 
Mucorales against a set of criteria: mortality, inpatient care, 
complications and sequelae, antifungal susceptibility, risk fac- 
tors, preventability, annual incidence, global distribution, and 

emergence in the 10 years from 2011. The generated data 
identified knowledge gaps for Mucorales, informing the fun- 
gal priority pathogens list (FFPL) of the World Health Orga- 
nization (WHO). 

Methods 

Study design 

A systematic review was performed according to the Preferred 

Reporting Items for Systematic Review and Meta-Analyses 
(PRISMA) guidelines.16 

Inclusion and exclusion criteria 

Studies were included if they reported data on: (a) adults 
and/or pediatric populations; (b) Mucorales; (c) invasive in- 
fections; (d) at least 1 criterion (e.g., mortality, inpatient 
care, complications/sequelae, antifungal susceptibility, risk 

factors, preventability, annual incidence, global distribution, 

and emergence in the previous 10 years); (e) retrospective or 
prospective observational studies, randomized controlled tri- 
als, epidemiological or surveillance studies; and (f) were pub- 
lished between January 1, 2011 to February 23, 2021. Studies 
were excluded if they reported on/were: (a) animals and/or 
plants; (b) bacteria, viruses, and/or parasites; (c) other fungi 
or criteria only; (d) included < 10 mucormycosis cases or Mu- 
corales isolates (total from all genera); (e) novel antifungals 
in pre-clinical studies or early-phase trials or unlicensed anti- 
fungals only; (f) in vitro resistance mechanisms only; (g) case 
reports, conference abstracts, or reviews; (h) not in English; 
and (i) outside the study time frames. 

Search strategy 

We conducted a comprehensive search for studies published in 

English using the PubMed and Web of Science Core Collection 

databases between January 1, 2011 and February 23, 2021. 
On PubMed, the search was optimized using medical subject 
headings (MeSH) and/or keyword terms in the title/abstract 
for Mucorales and the inclusion/exclusion criteria. For Mu- 
corales, exclusion terms for environmental sources (e.g., NOT 

plants) were used to focus the search results. On the Web of 
Science, MeSH terms are not available, and therefore topic, 
title, or abstract searches were used. The final searches used 

can be found in the supplementary material. 
PubMed and related databases are underpinned by a stan- 

dardized taxonomy database. Thus, using a species name as a 
search term retrieves articles with obsolete or updated nomen- 
clature. Hence, this search using the Mucorales term retrieved 

articles utilizing either Mucorales or Zygomycetes.17 

Study selection 

The final search results from each PubMed and Web of Sci- 
ence Core Collection databases were imported into the ref- 
erence manager, Endnote™, and the online systematic review 

software, Covidence ® (Veritas Health Innovation, Australia), 
and duplicates were removed. The remaining articles under- 
went title and abstract screening using the inclusion/exclusion 

criteria, and no reasons were provided for excluding articles at 
this step. Then, full text screening was performed to determine 
eligible articles for inclusion with the reasons for excluding 
any articles recorded (Fig. 1 ). The title/abstract screening and 

full text screenings were performed independently by two re- 
viewers (H.Y.K. and C.O.M.) in Covidence ®. Any discrepan- 
cies were resolved by a third reviewer (J.W.A.). Any additional 
articles identified from the references of the included articles 
were added. 

Data extraction 

Data from the final set of eligible articles were extracted 

into an Excel database for each relevant criterion by one 
of the screening reviewers (C.O.M.) and were independently 
checked for accuracy by the other reviewers (H.Y.K., K.G., 
and A.D.). 

Risk of bias assessment 

The risk of bias assessment was independently performed by 
two reviewers (H.Y.K. and C.O.M.) for the included studies 
(Table 1 and Supplementary Table 1 ). The risk of bias tool 
for randomized trials version 2 (ROB 2) and the risk of bias 
tool for non-randomized studies (RoBANS) were used in this 
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Figure 1. Flow diagram for the selection of studies included in the systematic review of Mucorales. Based on Preferred Reporting Items for Systematic 
R e vie w and Meta-Analyses: The PRISMA Statement. 

Table 1. Overall risk of bias for included studies. 

Author Publication year Risk Reference 

Alastruey-Izquierdo et al. 2018 High [ 91 ] 
Arendrup et al. 2015 High [92 ] 
Bonifaz et al. 2014 High [ 23 ] 
Bonifaz et al. 2021 High [32 ] 
Bonifaz et al. 2021 High [35 ] 
Caramalho et al. 2015 High [30 ] 
Chakrabarti et al. 2019 High [24 ] 
Chowdhary et al. 2014 High [ 29 ] 
Dolatabadi et al. 2018 High [33 ] 
Espinel-Ingroff et al. 2015 High [49 ] 
Kontoyiannis et al. 2016 High [14 ] 
Lee et al. 2020 High [22 ] 
Legrand et al. 2016 High [20 ] 
Manesh et al. 2019 High [21 ] 
Marty et al. 2016 Low [36 ] 
Millon et al. 2016 High [34 ] 
Ozenci et al. 2019 High [93] 
Pana et al. 2016 High [31 ] 
Patel et al. 2020 High [26] 
Pfaller et al. 2018 High [27] 
Prakash et al. 2019 High [6 ] 
Salmanton-Garcia et al. 2020 High [25] 
Van den Nest et al. 2021 High [15] 
Wagner et al. 2019 High [28] 

assessment.18 , 19 For the overall risk, using ROB 2 tool, the 
studies were rated low, high, or with some concerns. Using 
RoBANS tool, the studies were rated as low, high, or unclear 
risk. 

This systematic review was intended to inform on specific 
criteria; therefore, we used each criterion as an outcome of the 
study and assessed if any bias was expected based on the study 
design, data collection, or analysis in that particular study. 
With this approach, studies classified as unclear or high over- 
all risk were still considered for analysis. 

Data synthesis 

The extracted data on the outcome criteria were quantitatively 
(e.g., proportions [%], mean, median, range) or qualitatively 
analyzed depending on the amount and nature of the data and 

tabulated. (Tables 2 –8 and Supplementary Tables 1 –3 ). 

Results 

Study selection 

Between January 1, 2011 and February 23, 2021, 467 and 296 

articles were identified in PubMed and World of Science Core 
Collection databases, respectively. After excluding the dupli- 
cated and non-relevant articles, 47 articles underwent full-text 
screening, of which 24 studies were included in the final anal- 
ysis. Eight studies were excluded because they contained data 
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Table 3. Duration of inpatient stay associated with invasive fungal disease due to Mucorales. 

Author Year Study design Study design 
Study 
period Country Level of care 

Population 
description 

Number of 
patients 

Length of stay 
(days) 

Kontoyiannis 
et al.14 

2016 Retrospective 
cohort study 

Multi-center January 
2005–June 
2014 

USA Teaching and 
non-teaching 
hospital 

Patients with 
mucormycosis- 
related 
hospitalization. 
USA hospital-based 
database covering 
more than 560 
participating 
hospitals and 104 
million patients. 

555 Median 
(range) 
17 (1–259) 

Patel et al.26 2020 Prospective 
cohort study 

Multi-center January 1, 
2016–
September 
30, 2017 

India Tertiary Adults with proven 
mucormycosis. 

485 Overall, 
median (IQR) 
16 (6–32) 

USA, United States of America; IQR, interquartile range. 

Table 4. Complications and sequelae associated with in v asiv e fungal disease due to Mucorales. 

Author Year Study design 
Study 
design 

Study 
period Country 

Level of 
care 

Population 
description 

Number of 
patients 

Complications and 
sequelae 

Legrand et 
al.20 

2016 Retrospective/period 
A: October 
2013–January 2015 
Prospective/period B: 
January 
2015–February 2016 

Multi- 
center 

October 
2013–
February 
2016 

France Tertiary Adult burns 
patients 

77 More patients with 
positive circulating 
(blood) cmDNA 

required RRT (62% 

vs. 18%; P = .01) 
and developed 
septic shock (87% 

vs. 32%; P = .004) 
c/w cmDNA 

negative patients. 
In-hospital 
mortality was 
higher in patients 
with IWM/cmDNA 

positivity (62% vs. 
25%; P = .03). 

Kontoyiannis 
et al.14 

2016 Retrospective cohort 
study 

Multi- 
center 

January 
2005–June 
2014 

USA Teaching 
and non- 
teaching 
hospital 

Patients with 
mucormycosis- 
related 
hospitalization. 
USA hospital-based 
database covering 
> 560 hospitals and 
104 million 
patients. 

555 Readmission: 
1-month 168/555 
(30%) 
3-month 206/555 
(37%) 

cmDNA, circulating Mucorales DNA; RRT, renal replacement therapy; IWM, invasive wound mucormycosis; USA, United States of America. 

from prior to 2011 only (Fig. 1 ). A flow diagram outlining the 
process of study selection is shown in Figure 1 . 

Risk of bias 

The overall risk of bias for each study is presented in Ta- 
ble 1 . Of the included studies, 23/24 (95.8%) were classified 

as having a high risk of bias in the domains used for classi- 
fication (study design, data collection, or data analysis). This 
high-risk classification was most commonly due to a lack of 
information in the studies on measures used to mitigate se- 
lection bias (17/24 [70.8%]), account for confounding vari- 
ables (19/24 [79.2%]), or failures to report all outcome data 
(19/24 [79.2%]). The details of the risk of bias assessment 

for each domain can be found in the supplementary material 
( Supplementary Table 1 ). 

Analysis of the criteria 

Mortality 
A total of 17 (70.8%) studies reported on mortality using dif- 
ferent metrics (Table 2 ). Mortality rates in adult-only popu- 
lations ranged from 23% to 80% (Table 2 ).14 , 20 Manesh et 
al. reported higher mortality rates in patients with hemato- 
logical diseases as compared with the overall cohort (57.14% 

vs. 30.97%) (Table 2 ).21 While not completely comparable, 
a South Korean single-center study reported lower mortal- 
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ity rates in their hematology population (23.1%–26.9%) (Ta- 
ble 2 ).21 , 22 In the pediatric populations, mortality rates as high 

as 72.7% were detected (Table 2 ).23 Chakrabarti et al. re- 
ported that overall 42-day and 84-day mortality rates were 
64.8% and 65.8%, respectively, in patients with mucormy- 
cosis admitted to the intensive care unit (ICU) (Table 2 ).24 

Only one (4.2%) study reported on attributable mortality 
rates (72.7%) (Table 2 ).25 

Inpatient care 
Only two (8.3%) studies reported on the hospital length of 
stay for patients with invasive mucormycosis (Table 3 ). The 
median hospital length of stay was similar (17 and 16 days, re- 
spectively) (Table 3 ).14 , 26 However, one study reported a vast 
range (1–259 days) (Table 3 ).14 

Complications and sequelae 
Only a small number of studies reported on complications 
and sequelae (two [8.3%]) (Table 4 ). Legrand et al. observed 

that a greater proportion of burn patients who tested posi- 
tive for circulating Mucorales DNA (cmDNA) required renal 
replacement therapy (RRT) (62% vs. 18%; P = .01) and de- 
veloped septic shock (87% vs. 32%; P = .004) compared with 

those who tested negative for cmDNA (Table 4 ).20 Higher in- 
hospital mortality was also observed in the cmDNA-positive 
patients compared with those who were cmDNA-negative 
(62% vs. 25%; P = .03) (Table 4 ).20 Kontoyiannis et al. re- 
ported 30%–37% readmission rates within 3 months of dis- 
charge in patients with mucormycosis in the United States of 
America (USA) (Table 4 ).14 

Antifungal susceptibility testing 
Six (25%) studies reported on the antifungal drug suscep- 
tibility of Mucorales. The details of the study methods can 

be found in Supplementary Table 2 . Drug susceptibility re- 
sults for azole and other antifungal drugs are presented in Ta- 
bles 5 and 6 . Susceptibility to isavuconazole was variable, and 

higher MIC values for Mucor spp . (geometric mean [GM] 5–
16 mg/l/MIC 90 of 32 mg/l) compared with Rhizopus spp . (GM 

1–1.5 mg/l/MIC 90 of 2–8 mg/l) were described (Table 5 ).27 , 28 

Itraconazole MIC values were also higher for Mucor spp. (GM 

3–13 mg/l/MIC 90 of 32 mg/l) compared with Rhizopus spp. 
(GM 0.95–2.75 mg/l/MIC 90 of 4–16 mg/l) (Table 5 ).27 , 29 

Posaconazole MIC results were uniformly lower than for 
other antifungal agents, with values reported for Mucor spp . 
(GM 0.6–9.4 mg/l/MIC 90 of 2 mg/l), Rhizopus spp . (GM 

0.31–0.51 mg/l/MIC 90 of 0.5–1 mg/l) and Lichtheimia spp . 
(GM 1.06–1.96 mg/l/MIC 90 of 0.75–2 mg/l) (Table 5 ).27 , 30 

Voriconazole MIC values for Mucorales were high (GM 7–
10 mg/l/MIC 90 of 8–32 mg/l), which was predictable given 

the innate resistance of Mucorales to this agent (Table 5 ).27 , 29 

For the echinocandins, including anidulafungin, caspo- 
fungin, and micafungin, MIC 90 values were > 8 mg/l for 
all tested Mucorales isolates, including Rhizopus spp . and 

S yncephalastrum racemosum (Table 6 ).29 Mucorales isolates 
demonstrated low MIC values to amphotericin B with GM 

MIC of ≤0.1 mg/l and MIC 90 of ≤0.5 mg/l reported for Rhi- 
zopus spp ., Mucor spp ., and S. racemosum , respectively (Ta- 
ble 6 ).28 , 29 Due to the disparate results generated by the E - 
test and European Committee on Antimicrobial Susceptibil- 
ity Testing (EUCAST) methodology (overall agreement was 
75.1%), Caramalho et al. did not recommend the E -test for 
antifungal susceptibility testing of Mucorales.30 

Risk factors and preventive measures 
One (4.2%) study reported that a high proportion (81%) of 
patients with mucormycosis had neutropenia (absolute neu- 
trophil count of < 500/mm 

3 ) at diagnosis (Table 7 ). Diabetes 
mellitus was a common predisposing factor, observed in up to 

65%–85% of patients with mucormycosis, particularly those 
with rhino-orbital disease (86.9%).21 , 26 In addition, diabetes 
mellitus was determined to be a risk factor for poor outcome 
(odds ratio [OR] 2.3, 95% confidence interval [CI] 1–6.2; 
P = .07) (Table 7 ).21 Trauma was a predisposing factor for 
cutaneous mucormycosis, which was observed in 53% of this 
patient group (Table 7 ).26 

Hematopoietic stem cell transplantation (HSCT) (OR 

13.66, 95% CI 1.88–98.6) in pediatric patients, the presence 
of comorbid conditions such as chronic kidney disease, car- 
diovascular, pulmonary, or lung disease (adjusted hazard ra- 
tio [HR] 1.52, 95% CI 1.15–2.02; P = .06) and corticos- 
teroid therapy (OR 2.33, 95% CI 0.925–5.46; P = .073) were 
risk factors for mortality in patients with mucormycosis (Ta- 
ble 7 ).6 , 26 , 31 

Three (12.5%) studies reported break-through mucormy- 
cosis in 13.6%–100% of patients on triazoles or echinocan- 
din prophylaxis; but, overall, the number of patients was 
small ( < 30 patients across all studies) ( Supplementary Table 
3 ).22 , 24 , 25 

Annual incidence 
Three (12.5%) studies reported on the annual incidence of 
mucormycosis.22 , 23 , 32 Bonifaz et al. estimated the annual in- 
cidence rates to be 0.14–0.4/10 000 patient/day in children 

living in Mexico between 2011 and 2019 (Table 8 ).23 , 32 A 

single-center study conducted in South Korea reported that 
the number of new cases of mucormycosis ranged from 1 to 

4/year, which represents 1.7%–5.5% of all invasive mould in- 
fections identified annually ( n = 72–116).22 

Current global distribution 

Mucorales are environmentally ubiquitous and globally dis- 
tributed, with known but poorly defined geographic vari- 
ability. Studies have reported mucormycosis cases in vari- 
ous regions, including the USA, Mexico, Iran, Austria, and 

South Korea (Table 8 ).14 , 15 , 22 , 32 , 33 The estimated prevalence 
of mucormycosis-related hospitalizations in the USA ranged 

from 0.094 to 0.117/10 000 discharges between 2011 and 

2014 (Table 8 ).14 The prevalence of mucormycosis as a pro- 
portion of all IFD in South Korea and Austria ranged from 

3.9% to 13.7% between 2011 and 2018 (Table 8 ).15 , 22 , 33 

Trends in IFD due to Mucorales, 2011–2021 

The trends are variable, with some studies reporting consistent 
rates and others reporting an increase over time. Kontoyiannis 
et al. reported that the prevalence of mucormycosis-related 

hospitalization remained relatively consistent (0.094–0.117 

per 10 000 discharges) between 2011 and 2014 (Table 8 ).14 

In contrast, Dolatabadi et al. reported an increase in mu- 
cormycosis cases in adults and children in Iran from 16.8% 

in 2011 to 24% in 2015 (Table 8 ).33 New mucormycosis 
cases in pediatric patients in Mexico fluctuated between 0.28 

and 0.32/10 000 patients/days during 2011–2016, with a 
sudden decline in 2017 (0.14/10 000 patients/days).32 This 
was followed by an increase to 0.4/10 000 patients/days in 

2019.32 A relatively stable trend was reported during the time 
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frame of 2011–2018 in small single-center studies conducted 

in both South Korea and Austria (Table 8 ).15 , 22 

Discussion 

This systematic review evaluated the epidemiology, suscepti- 
bility profile, and outcomes of IFD due to Mucorales. Over- 
all, the data are limited, with most (95.8%) studies classified 

as having a high risk of bias. Despite this, it is clear that IFD 

due to Mucorales is critically important as they demonstrate a 
limited susceptibility to the currently available agents and are 
associated with high mortality rates. 

Mortality rates were variable, but they were reported as 
very high in some studies.15 , 20 , 23 , 24 , 34 Comparison between 

studies is challenging as different patient groups were ex- 
amined using different metrics. Some studies described just 
mortality 33 , 35 and others reported overall mortality.6 , 21 , 32 

Further studies examined overall or all-cause mortality at 
particular time-points (e.g., 30-day, 90-day, 6-week, and 12- 
week).15 , 22 , 24–26 , 34 , 36 In order to compare mortality rates in 

specific patient groups across different institutions or regions 
(e.g., LMICs vs. high-income countries [HICs]), and impor- 
tantly, over time (for trends) the same metrics should be used. 
Recently, randomized trials have used 6-week and 12-week 

all-cause mortality. So, these two metrics should be adopted 

to report mortality in future studies.37 , 38 Only one study 
reported on attributable mortality.25 It is often difficult to de- 
termine the relative contributions of the IFD and other factors 
to mortality, but it is an important outcome to ascertain as it 
is indicative of disease burden. Attributable mortality is var- 
iously defined, ranging from investigators’ opinions to more 
specific definitions such as death directly due to IFD, death 

due to another cause but had active IFD at the time of death, 
or death with a failure to respond to antifungal therapy (i.e., 
stable or progressive IFD at the time of death).39 , 40 A consen- 
sus definition is required, which should then be applied across 
all future studies. Such a step will allow for the comparison of 
the burden of IFD due to Mucorales across different patient 
groups and regions (LMICs vs. HICs) over time and to deter- 
mine the relative efficacy of different antifungal therapies. 

The hallmarks of mucormycosis are angioinvasion, tissue 
necrosis, and rapid spread. Thus, early surgical debridement 
down to normal, well-perfused tissue is required, along 
with antifungal therapy, to optimize survival.4 , 41 The need 

for extensive surgical debridement may result in significant 
facial disfigurement, exenteration, visual loss (in the setting 
of rhino-orbital-cerebral mucormycosis), limited exercise 
tolerance (due to lobectomy or pneumonectomy), and limb 

amputation. Such complications may lead to stigmatization, 
inability to work, and poverty, especially in LMICs. Thus, 
mucormycosis is a disease of public health importance.42 , 43 

Yet, no such data was available for reporting in this systematic 
review. While case reports/series exist,44–46 to get an accurate 
assessment of the complications/sequelae of mucormycosis to 

determine its burden and economic impact, all future cohort 
studies should report on these parameters. 

Variable isavuconazole MIC values across genera and 

species have been observed herein. Mucor spp. demonstrated 

higher isavuconazole MIC values than Rhizopus spp. (MIC 90 : 
32 and 2–8 mg/l).27 The isavuconazole GM MIC values 
for M. circinelloides were lower than for M. indicus (5.1 

vs. 16 μg/ml).28 To date, routine susceptibility testing has 
not been recommended. However, as isavuconazole is now 

recommended as an alternative first-line treatment for mu- 
cormycosis, our data would indicate that susceptibility test- 
ing should be performed when isavuconazole is being con- 
sidered as a first-line treatment.47 Amphotericin B demon- 
strated low MIC values, justifying its ongoing use as the first- 
line treatment of mucormycosis.47 Posaconazole also demon- 
strated low MIC values. The new formulations of posacona- 
zole (modified-release tablets and intravenous) have been 

compared with amphotericin B alone or in combination in 

a matched-paired analysis of patients treated for invasive 
mucormycosis (MoveOn Study).48 Higher favorable response 
rates to posaconazole were seen as compared with the com- 
bination of amphotericin B and posaconazole (4/5 [80%] vs. 
5/18 [27.8%]).48 While the MoveOn study has several limi- 
tations, including small numbers and treatment heterogeneity, 
and further data are required, it indicates that the new formu- 
lations of posaconazole are acceptable alternatives to ampho- 
tericin B as first-line therapy, especially in those with underly- 
ing renal failure.47 

Espinel-Ingroff et al. have developed epidemiological cutoff 
values (ECV) for posaconazole, amphotericin B, and itracona- 
zole for 10 Mucorales species.49 The ECV vary according to 

antifungal agent and species but indicates whether a partic- 
ular isolate is a wild-type or not and assist in guiding anti- 
fungal selection.49 , 50 However, as they are not correlated to 

clinical outcome, the ECV provides no guarantee of a favor- 
able response to the selected antifungal agent.51 Lamoth et al. 
performed antifungal susceptibility testing on non- Aspergillus 
moulds isolated from 39 patients who had proven or probable 
IFD (19 with mucormycosis) and compared the MIC results 
with responses to therapy.52 , 53 The lower the MIC value of 
the first-line drug, the greater the chance of successful treat- 
ment (86% when MIC ≤0.5 μg/ml vs. 20% when MIC > 4 

μg/ml).52 Amphotericin B was used as first-line treatment in 

10 patients (8 with mucormycosis), and the 6-week favorable 
response was significantly greater in those with a pathogen 

that had a MIC value ≤0.5 μg/ml compared with > 0.5 μg/ml 
(83% vs. 0%; P = .05).52 More broadly, we currently lack 

clinical break-points for Mucorales. These are critical to se- 
lecting appropriate antifungal therapy to improve outcomes, 
determining resistance mechanisms and rates, and evaluating 
new antifungal agents. To develop clinical breakpoints, it is 
critical that mycologists collaborate at a global level and test 
all Mucorales isolates, and systematically collect the associ- 
ated clinical data for correlation. 

Specific risk factors include prolonged neutropenia, poorly- 
controlled diabetes mellitus, high-dose corticosteroid ther- 
apy, allogeneic HSCT, iron overload, deferoxamine therapy, 
major trauma, and prior voriconazole and/or caspofungin 

use.6 , 21 , 22 , 24–26 , 31 , 54 Diabetes mellitus and ketoacidosis are 
particular risk factors for rhino-orbital-cerebral disease. Mu- 
cormycosis related to diabetes mellitus is more common in 

Asia, particularly India, as compared with Western countries 
(46% vs. 36%).55 The risk factors identified herein, along with 

suggestive clinical features, should prompt an early and ag- 
gressive diagnostic approach.47 

Break-through infections in patients on voriconazole have 
been described.56–60 Previous use of voriconazole, caspofun- 
gin, or both in solid-organ transplant (SOT) recipients was 
significantly associated with break-through mucormycosis 
(OR 4.41; P = .033).61 The emergence of mucormycosis 
on voriconazole may be coincidental, as it occurred around 

the same time as high-risk immunosuppressed populations 
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expanded. Voriconazole has no activity against Mucorales; 
widespread use in expanding high-risk populations may 
have accelerated the increasing incidence.62 Of note, mu- 
cormycosis has occurred in patients on posaconazole or 
isavuconazole.63 , 64 These antifungal agents have activity 
against Mucorales. Others have demonstrated that the viru- 
lence of Mucorales increases after voriconazole exposure.65 

Comparison over time and between studies is difficult as dif- 
ferent metrics were used and a denominator was not always 
included. Similar to mortality, a standard metric that includes 
a well-defined denominator needs to be used to determine the 
actual influence of any risk factor over time. 

There are conflicting data on the trends in the prevalence 
of mucormycosis. From 2011 to 2021, the trends in the USA, 
South Korea, and Austria were stable, but in Iran, the rates in- 
creased from 16.8% in 2011 to 24% in 2015.14 , 15 , 22 , 33 Bitar 
et al. showed that the incidence increased from 0.7/million in 

1997 to 1.2/million in 2006 ( P < .001) in France, whereas 
a more contemporary surveillance study, also from France, 
showed stable rates between 2012 and 2018.66 , 67 Going for- 
ward, global surveillance studies need to incorporate accurate 
assessments of prevalence so we can confidently determine the 
actual trends over time and across regions. Such data will bet- 
ter guide the development and implementation of interven- 
tions to minimize the burden of mucormycosis. 

After we performed this systematic review, an increasing 
number of mucormycosis cases were reported in India during 
the second wave of COVID-19 infections. By June 7, 2021, 
around 28 252 cases of mucormycosis had been recorded 

by the Indian Health Ministry.68 Since then, cases have been 

reported in South America, Mexico, the USA, the UK, Iran, 
and parts of Europe.69–75 Thus, it has become a global threat. 
Several factors led to the emergence of COVID-associated mu- 
cormycosis (CAM), including uncontrolled diabetes mellitus, 
other underlying co-morbidities, poor glycemic control, un- 
controlled use of high-dose corticosteroids, and pre-existing 
respiratory diseases.69 , 76 , 77 COVID-19 itself, which caused 

(in some cases) a cytokine storm requiring treatment with 

immunosuppressants (e.g., dexamethasone, tocilizumab) and 

decreased T-helper cell numbers and potentially function, is 
also likely to have contributed.78–80 Prolonged hospital stays, 
mechanical ventilation, pulmonary endothelial damage, the 
use of non-sterile industrial oxygen, and the re-use of oxy- 
gen masks may also have contributed.74 , 81–84 Rhino-orbital 
mucormycosis was the most common clinical manifestation 

of CAM, and the mean time interval between COVID-19 

and ROM diagnosis was 14.4 ± 4.3 days.85 Most patients 
required radical debridement of the sinuses, resulting in 

significant facial disfigurement.68 , 86 , 87 Mortality was high, 
up to 100% in non-prevalent countries, due to delays in 

recognition and diagnosis and the limited resources available 
during the COVID-19 pandemic.88–90 Indeed, CAM has high- 
lighted the current lack of knowledge about mucormycosis (in 

general). This has hampered early diagnosis and treatment, 
contributing to poorer outcomes. High-quality basic science, 
surveillance, and clinical epidemiological studies are urgently 
required, as is the development of novel diagnostic tests and 

antifungal agents for treatment. 
One of the limitations of the present systematic review was 

the difference in the patient populations studied. Some stud- 
ies examined very specific patient populations (e.g., burn pa- 
tients). This heterogeneity makes it difficult to extrapolate spe- 
cific findings more generally. Thus, it may be difficult to draw 

any firm conclusions regarding any of the specific criteria. 
Other limitations include the study time frame (2011–2021). 
This may have resulted in a failure to include all relevant and 

important studies, which may have affected the findings. The 
exclusion of conference abstracts and studies that were not in 

English may have also biased the findings. 

Conclusion 

Mucorales are significant fungal pathogens associated with 

high mortality, innate resistance to voriconazole, and variable 
susceptibility to the remaining mould-active triazoles. Care- 
fully designed global surveillance studies, linking laboratory 
and clinical data, are required to evaluate morbidity outcomes 
and generate more consistent data on incidence and preva- 
lence rates in various regions to better understand the distri- 
bution of and trends for Mucorales. 
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