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Summ a r y 

 Mucormycosis is a rapidly progressive, invasive fungal infection that affects patients 
who are severely immunocompromised, as well as patients with diabetes and per-
sons with immunocompetence who have major trauma. Mucormycosis manifests in 
several clinical forms, including sino-orbital, rhinocerebral, sinopulmonary, gastro-
intestinal, cutaneous, musculoskeletal, osteoarticular, and disseminated mucormy-
cosis, as well as single-organ disease. Although mucormycosis is often lethal, early 
intervention reduces mortality. Successful treatment depends on early detection 
and staging of the disease, timely initiation of antifungal therapy, surgical resec-
tion of infected tissue, reversal of immunodeficiencies, and correction of meta-
bolic abnormalities. Liposomal amphotericin B is the preferred agent for initial 
antifungal therapy, with oral triazoles as alternative agents. Research on rapid mo-
lecular diagnostic strategies, new antifungal agents, host-directed immune augmen-
tation, antivirulence immune therapeutics, and risk-based stratification to inform 
management of disease may substantially improve outcomes in patients with this 
highly destructive mycosis. 

Mucormycosis (formerly known as zygomycosis)1 is a rapidly 
progressive and frequently lethal invasive fungal disease of the lungs, 
sinuses, orbits, and brain in immunocompromised hosts, including pa-

tients with hematologic cancers, a history of transplantation, or diabetes.2 Among 
patients with immunocompetence, mucormycosis is increasingly recognized as a 
cause of serious necrotizing infections of traumatic wounds.3 Recently discovered 
risk factors include coronavirus disease 2019 (Covid-19), chimeric antigen receptor 
T-cell therapy, and use of ibrutinib.4-7 Mucormycosis manifests in several well-
described clinical forms, including sino-orbital, rhinocerebral, sinopulmonary, gas-
trointestinal, cutaneous, musculoskeletal, osteoarticular, and disseminated mucor-
mycosis, as well as single-organ disease.2 The World Health Organization has 
designated the mucorales as high-priority pathogens, a reflection of the increasing 
global importance of mucormycosis.8 Essential for successful management of mu-
cormycosis is a multidisciplinary clinical team that consists of infectious-disease 
physicians, internists, pediatricians, surgeons, intensivists, hematologists, trans-
plantation specialists, ophthalmologists, clinical microbiologists, anatomical pa-
thologists, and diagnostic and interventional radiologists.

Among the invasive mycoses, mucormycosis is widely considered to be the most 
rapidly invasive and destructive. Members of the order Mucorales have angioinva-
sive characteristics — related to secreted proteases, a ricinlike toxin, and affinity 
for endothelial cells — that result in tissue infarction.9,10 India has been recognized 
as an area of hyperendemicity for mucormycosis, and this status is thought to be 
attributable in part to a combination of geoclimatic factors and a high prevalence of 
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diabetes. The estimated disease burden in India 
is approximately 70 times higher than the global 
average, with more than 200,000 cases per year 
predicted in India.11 As climate change contrib-
utes to greater frequency and severity of some 
natural disasters, an increase in cases of mucor-
mycosis may occur.12

M ycol o gic Fe at ur es

The term “mucormycosis” encompasses a severe, 
often fatal constellation of invasive fungal dis-
eases, first described in 1885 as mycosis muco-
rina, which are caused by members of the order 
Mucorales within the subphylum Mucormycotina.1 
Mucormycosis was previously known as zygomy-
cosis because the causative agents belonged to the 
phylum Zygomycota (class Zygomycetes). How-
ever, after advances in molecular phylogenetics 
showed that Zygomycota was polyphyletic, the 
classification was revised, with the updated 
taxa including the class Mucormycetes and the 
medically important order Mucorales. As a con-
sequence, the term “zygomycosis” was replaced 
by “mucormycosis.” The most commonly en-
countered and medically important genera are 
rhizopus, mucor, lichtheimia, cunninghamella, 
apophysomyces, and saksenaea. Several studies 
have shown Cunninghamella bertholletiae to have 
greater virulence than other mucormycetes and 
to be associated with higher mortality.13,14

Mucorales species are found ubiquitously in 
soil and decaying organic matter. The environ-
mental form of mucorales species when they are 
growing in nature consists of a mycelium (a mat 
of hyphae) that produces sporangiospores 3 to 
11 μm in diameter. These sporangiospores are 
inhaled into the respiratory tract, in which pul-
monary alveolar macrophages (a component of 
innate host defenses) are efficient at eliminating 
them by phagocytosis.

However, in patients who are severely immu-
nocompromised, some sporangiospores are not 
cleared and instead adhere to and invade respira-
tory epithelial cells by means of CotH surface 
proteins.15 The hyphal forms that emerge from 
germinated sporangiospores are broad, ribbonlike, 
angioinvasive structures that cross tissue planes, 
which results in ischemia, necrosis, and hematog-
enous dissemination.

Mucorales species have been identified his-

torically by phenotypic methods that assess the 
arrangement of sporangia, sporangiophores, and 
rhizoids (if present), as well as the characteristics 
of the sporangiospores. Broad, nonseptate (coe-
nocytic) or sparsely septate (pauciseptate) hyphae 
in tissue with angioinvasion are also characteris-
tic of mucormycosis. However, misidentification 
of mucormycosis on the basis of histopathologi-
cal features alone may occur. In situ molecular 
probes, direct sequencing, and immunohisto-
chemical and metagenomic analyses are molecu-
lar diagnostic tools that can identify mucorales 
species.16

Hos t Defenses a nd Patho genesis

The complex and robust innate immune response 
to the sporangiospores of mucorales species 
prevents development of mucormycosis in per-
sons with immunocompetence.17 The mucocili-
ary clearance mechanisms of pseudostratified 
columnar respiratory epithelial cells are mechani-
cal barriers that remove sporangiospores. Inva-
sion of alveolar epithelial cells by mucorales 
fungi induces transcriptional activation of epi-
thelial proinflammatory cytokines, chemokines, 
and adhesion molecules (Fig. 1A). Pulmonary al-
veolar macrophages provide another line of in-
nate host defenses by means of phagocytosis and 
destruction of sporangiospores in phagolysosomes. 
Intracellular swelling of sporangiospores (a criti-
cal step in pathogenesis) is further inhibited by 
iron deprivation.18

Neutrophils are the first-line innate host de-
fense against mucorales hyphae (Fig. 1B) through 
reactive oxygen species and nonoxidative mecha-
nisms, including actions of cationic antimicro-
bial peptides.19 Recognition of hyphae by pattern 
recognition receptors such as toll-like receptor 2 
activates neutrophils and induces the release of 
proinflammatory cytokines. Interferon-γ, gran-
ulocyte–macrophage colony-stimulating factor 
(GM-CSF), tumor necrosis factor α, and interleu-
kin-8 further augment neutrophil function in 
response to hyphae.

In patients who are immunocompromised, 
mucormycosis develops as the result of quantita-
tive or qualitative defects in phagocytic activity 
caused by neutropenia and functional defects in 
macrophages, neutrophils, and lymphocytes, in-
cluding natural killer cells. Glucocorticoids impair 
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Mucorales hyphae, 
sporangiophores, and 

sporangiospores

Mucorales-associated 
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mannans, 1,3-β-D-glucans)

• Increased CotH3* expression on mucorales spores
• Increased GRP78* expression on host endothelial cells
• Increased available free iron*

• Increased unbound oxidized fatty acids

–  Increased growth of mucorales

• Impaired phagocytosis of mucorales and subsequent dissemination of pathogen
• Functional impairment of neutrophils, macrophages, and monocytes

C Factors in the Tissue Microenvironment That Promote Mucorales Invasion

• Release of DAMPs  
• Immune paralysis

• Immune-cell exhaustion mediated by checkpoint molecules such as PD-1* and PDL-1*
• Cytokine deficiencies (GM-CSF*, interferon-γ*)

↓ GM-CSF* production and response
↓ Interferon-γ* production and response
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both neutrophil and macrophage host responses 
against mucorales species. Hyperglycemia and 
metabolic acidosis in patients with diabetes per-
mit proliferation of hyphae and impair phagocytic 
oxidative and nonoxidative host responses. Hy-
poalbuminemia also contributes to progression 
of mucormycosis; free fatty acids bound to albu-

min restrict mucorales growth, but hypoalbu-
minemia allows oxidation of unbound free fatty 
acids and increases the expression of mucorales 
virulence genes.20

Angioinvasion, thrombosis, and tissue infarc-
tion are pathophysiological and clinical hall-
marks of mucormycosis. The CotH spore coat 
proteins of rhizopus differentially bind to host 
receptors glucose-regulated protein 78 (GRP78) 
on nasal epithelial cells and integrin α3β1 on 
alveolar epithelial cells.19,21 The CotH3 protein of 
invading hyphae binds to the endothelial recep-
tor GRP78, a process that allows for angioinva-
sion and thrombosis. Mucoricin, a 17-kD ricin-
like toxin, also contributes to cellular injury and 
tissue necrosis.10 CotH3 and GRP78 are up-reg-
ulated by metabolic acidosis as a pivotal event in 
the angioinvasive pathogenesis of rhinocerebral 
mucormycosis (Fig. 1A). In children with inher-
ited disorders of metabolism, such as methylma-
lonic aciduria, metabolic acidosis alone is suffi-
cient to induce mucormycosis. Metabolic acidosis 
in patients with poorly controlled type 1 diabe-
tes may be the basis for a higher risk of mucor-
mycosis among patients with type 1 diabetes 
than among those with type 2 diabetes. Glyce-
mic and acidemic control in patients with diabe-
tes reduces the risk of mucormycosis.

Iron metabolism also has a key role in the 
pathogenesis of mucormycosis and in host de-
fenses in patients with diabetes.18,19 Mucorales 
species are dependent on the acquisition of free 
ionic iron from infected hosts. Metabolic acidosis 
decreases the affinity of transferrin and ferritin 
for iron, which results in the availability of more 
free iron. Increased glycosylation of transferrin 
and ferritin that results from poorly controlled 
diabetes also increases the availability of free 
iron. The effect of excess available iron was ob-
served in patients with disseminated mucormyco-
sis who received deferoxamine for hemochroma-
tosis and other iron-overload conditions.19

In patients with blast injuries, burns, and 
other major trauma who were previously healthy, 
mucormycosis may develop in the context of 
“immune paralysis” (Fig.  1A). Investigation of 
the mechanisms of immune paralysis in such 
patients showed that functional neutropenia oc-
curs when mediators released from the damaged 
tissue create a tissue microenvironment that 
causes local neutrophil dysfunction and immune 
dysregulation (Fig. 1C).3,22

Figure 1 (facing page). Pathogenesis of Mucormycosis, 
Host Defenses, and Potential Future Therapeutic  
Targets.

Mucorales sporangiospores released into the air from 
sporangia are inhaled, and the sporangiospore coat 
protein CotH3 binds to glucose-regulated protein 78 
(GRP78) on the pseudostratified columnar epithelial 
cells of the upper respiratory tract, where the sporan-
giospores may germinate into hyphae to invade nasal 
airways and sinuses (Panel A). Sporangiospores, by 
means of another coat adhesin (CotH7), also bind to 
epidermal growth factor receptor (EGFR) and integrin 
α3β1 receptor on pulmonary alveolar epithelial cells 
of the lower respiratory tract, which triggers a down-
stream transcriptional response involving cytokines 
(interleukin-6 and interleukin-8), chemokines (CCL2 
and CCL5), and intercellular adhesion molecule 1 
(ICAM-1). Hyphal invasion also triggers production of 
hypoxia-inducible factor 1α (HIF1α) and release of 
proinflammatory cytokines. In wound-related mucor-
mycosis, traumatic inoculation of fungal elements 
(found on the surfaces of rocks, wood, glass, and 
metal) into damaged tissue allows for the develop-
ment of infection in a host with immune paralysis 
due to trauma. The release of endogenous host- 
derived molecules known as damage-associated mo-
lecular patterns (DAMPs) reduces phagocytosis, im-
pairs chemotaxis, and induces immune paralysis. 
Mucoricin released by the invading hyphae induces 
death of immune and endothelial cells, which results 
in tissue necrosis and accelerates endovascular 
thrombosis, ischemia, and infarction (Panel B). Poly-
morphonuclear neutrophils and monocytes recognize 
early germinated sporangiospores by means of pat-
tern recognition receptors (e.g., toll-like receptor 2 
[TLR2]) that detect mucorales-associated molecular 
patterns (e.g., 1,3-β-d-glucans exposed on hyphal 
structures). Intrinsic host colony-stimulating factors 
such as granulocyte–macrophage colony-stimulating 
factor (GM-CSF) and interferon-γ further contribute 
to augmentation of innate host defenses against the 
invading hyphae, which in turn dampen immune re-
sponses. Factors in the tissue microenvironment that 
increase susceptibility to mucorales invasion are list-
ed with the predominant mechanisms associated 
(Panel C). Asterisks indicate potential future thera-
peutic targets. Covid-19 denotes coronavirus disease 
2019, NK natural killer, PD-1 programmed cell death 
protein 1, PD-L1 programmed death ligand 1, Th1 
type 1 helper T, Th2 type 2 helper T, and Th17 type 17 
helper T.
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T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

Epidemiol o gic Fe at ur es  
a nd R isk Fac t or s

Because mucormycosis is not a reportable dis-
ease, the exact incidence or prevalence is un-
known. An older population-based study of mu-
cormycosis in San Francisco showed an estimated 
incidence of 1.7 cases per 1 million population.23 
However, other studies have shown regional dif-
ferences and an increase in the incidence over 
time.5,11,24 Moreover, retrospective data from Janu-
ary 2005 through June 2014 show a substantial 
clinical and economic burden from mucormyco-
sis-related hospitalizations in the United States, 
with a prevalence of 0.12 per 10,000 discharges, 
high costs (an average of $112,419 per stay), long 
stays (median, 17 days), and high in-hospital mor-
tality (23%).24 Important risk factors for mucormy-
cosis include diabetes, hematologic cancers, al-
logeneic hematopoietic-cell transplantation, severe 
graft-versus-host disease, solid-organ transplanta-
tion, prolonged use of high-dose glucocorticoids, 
low birth weight, metabolic acidosis, iron-overload 
states, injection-drug use, and severe malnutrition 
(Table 1).2,25-42

Several reports from India indicated an in-
crease in the incidence of Covid-19–associated 
mucormycosis in late 2020 and early 2021, and the 
incidence reached a peak of more than 51,000 
cases in 2021.4,5 Covid-19–associated mucormyco-
sis typically manifests as sino-orbital and rhino-
cerebral disease in patients with poorly controlled 
diabetes with hyperglycemia, ketoacidosis, and 
an elevated glycated hemoglobin level. Covid-19–
associated mucormycosis may reflect the deleteri-
ous convergence of critical host and environmen-
tal factors, including poorly controlled diabetes, 
use of glucocorticoids to control the pulmonary 
inflammatory response to severe acute respiratory 
syndrome coronavirus 2, and possibly Covid-19–
induced dysimmunoregulation.42

Nosocomial and home environmental sources 
of mucorales species also increase the risk of mu-
cormycosis.34,43 Contaminated air-handling sys-
tems, arm boards used with intravenous tubing, 
plants, and hospital construction have been im-
plicated as sources of nosocomial mucormyco-
sis, as have bed linens contaminated with spo-
rangiospores.34 Linens have also been considered 
to be the source of cutaneous mucormycosis in 

low-birth-weight infants in neonatal intensive 
care units.

In patients who are immunocompromised, 
gastrointestinal mucormycosis develops after in-
gestion of sporangiospores in herbal remedies, 
homeopathic medicines, food, and substances 
consumed in the context of pica.35,36 Gastrointesti-
nal mucormycosis also occurs in low-birth-weight 
infants37 and is associated with high mortality — 
close to 100% — in this population as a result of 
gastrointestinal perforation and intraabdominal 
dissemination.

The profile of infection differs between neo-
nates and older children.37 Whereas older children 
with persistent neutropenia, a history of trans-
plantation, rare metabolic disorders, or type 1 
diabetes are at risk for sino-orbital, rhinocere-
bral, and pulmonary mucormycosis, infants have 
a significantly greater risk of cutaneous or gas-
trointestinal mucormycosis than older children, 
and mortality associated with mucormycosis is 
significantly higher among infants.

Clinic a l M a nifes tations

The clinical manifestations of mucormycosis in-
clude sino-orbital, rhinocerebral, sinopulmonary, 
cutaneous, musculoskeletal, gastrointestinal, os-
teoarticular, disseminated, and single-organ dis-
ease and are driven by angioinvasive and infarc-
tive properties (Table 1).26-42 The various forms of 
mucormycosis appear to have a predilection for 
hosts with specific characteristics. Sino-orbital 
and rhinocerebral disease are the most common 
manifestations in patients with diabetes, whereas 
sinopulmonary and disseminated mucormycosis 
are more common in patients with severe immu-
nosuppression. In addition, some mucorales spe-
cies have a predilection toward specific clinical 
manifestations; for example, Apophysomyces elegans 
and Saksenaea vasiformis are common causes of mu-
cormycosis in the context of combat-wound and 
storm-associated cutaneous and musculoskeletal 
trauma.3,12,13,32,33

Di agnosis

Early diagnosis and initiation of antifungal ther-
apy significantly reduce mortality among patients 
with mucormycosis and hematologic cancers, 
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from approximately 80% to 40%.44 Accurate diag-
nosis of mucormycosis begins at the bedside with 
evaluation of symptoms and signs in patients at 
high risk (Table 1 and Fig. 2). Although early 
symptoms and physical findings in patients with 
mucormycosis are often nonspecific, they carry 
important diagnostic significance in patient pop-
ulations with high risk.26-33,38

Periorbital cellulitis, diplopia, focal palatal ne-
crosis, and necrotic wounds in patients at high risk 
should cause serious concern for mucormycosis 
and lead to prompt assessment (Fig. 2). Maintain-
ing a high index of suspicion for mucormycosis in 
such patients can be the impetus for obtaining 
fluids and tissues for diagnostic analysis, order-
ing imaging procedures, initiating antifungal 
therapy, requesting surgical assessment, reversing 
immunodeficiencies, and correcting metabolic ab-
normalities.

The staging of mucormycosis, which has criti-
cal implications for treatment and outcomes, de-
pends on a comprehensive examination, diagnos-
tic imaging, and laboratory-confirmed diagnosis 
(Table 2). For suspected sino-orbital disease, 
staging includes diagnostic imaging (computed 
tomography [CT]) of the paranasal sinuses and 
chest, as well as endoscopic examination of nasal 
turbinates with brush biopsy of ulcerations and 

necrotic eschars (Table 1). In sino-orbital or sinus 
mucormycosis, CT and magnetic resonance im-
aging (MRI) scans of the sinuses or head may be 
unremarkable during early phases of disease, 
which underscores the need for close monitoring 
by physical examination, repeat imaging, and 
follow-up endoscopy.26,27 For patients in whom 
pulmonary lesions are suspected, bronchoalveolar 
lavage, preferably with biopsy, should be per-

Figure 2. Direct Examination and CT Imaging in 
Mucormycosis.

Sino-orbital mucormycosis is associated with right 
periorbital cellulitis (Panel A, arrows) and ophthalmo-
plegia. Cutaneous mucormycosis is characterized by 
blackened, raised eschars (Panel B, arrow). Lesions 
due to palatal mucormycosis are shown (Panel C, ar-
rows). In pulmonary mucormycosis, a large reversed 
halo sign (Panel D, arrows) in the right lower lobe is 
characterized by a pulmonary infiltrate with a central 
ground-glass opacity that is circumscribed by denser 
air-space opacities. (Photo used with permission from 
Dr. Genovefa Papanicolaou.) Examples of imaging 
results in mucormycosis of the right maxillary sinus 
(Panel E, red arrow), right ethmoid sinus (yellow 
arrow), and left nasal turbinates (white arrow) are 
shown. Direct examination of sinus aspirate under flu-
orescence microscopy with calcofluor staining shows 
broad, ribbonlike hyphae with nondichotomous right-
angled branching typical of rhizopus (Panel F). Histo-
pathological analysis of infected tissue with periodic 
acid–Schiff staining also shows broad, ribbonlike hy-
phae with nondichotomous right-angled branching 
(Panel G).
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formed when possible. For pleural lesions, a per-
cutaneous needle aspirate may be diagnostic.

Definitive diagnosis of mucormycosis de-
pends on direct examination of clinical speci-
mens, culture of tissue or bronchoalveolar lavage 
fluid, and histopathological analysis (Table  2). 
Although availability is limited in many centers, 
matrix-assisted laser desorption ionization–time-
of-flight mass spectrometry, nucleic acid ampli-
fication testing, and metagenomic analysis (Ta-

ble 2) are emerging tools for the early diagnosis 
of mucormycosis.45-60

Tr e atmen t

The burden of infection, occurrence of dissemi-
nation, timeliness of diagnosis, and reversibility 
of underlying immunodeficiencies are important 
factors in outcomes and in the assessment of 
treatment strategies. Successful treatment of mu-

Table 2. Laboratory Tools for Diagnosis of Mucormycosis.*

Laboratory Method Description

Direct examination45,46 On direct microscopic examination of a wet mount with potassium hydroxide or fluorescence stain-
ing, such as calcofluor or Blankophor, mucorales species typically have ribbonlike, nonseptated 
(coenocytic) or sparsely septated hyphae that are broad (7 to 15 μm in diameter) with nondi-
chotomous branching. These features help narrow the differential diagnosis by ruling out infec-
tion with other pathogenic molds, including Aspergillus spp., Fusarium spp., and Scedosporium 
spp., which typically appear as slender, dichotomously branching, septated hyphae.

Culture45-47 Mucorales species typically grow rapidly to fill the petri dish as a floccose colony on Sabouraud’s 
glucose agar at 25 to 37°C. Recovery of organisms may be enhanced by culturing at 37°C. 
Lichtheimia corymbifera (formerly known as Absidia corymbifera) and the most frequently en-
countered Rhizopus spp. and Mucor spp. have microscopically distinctive patterns of sporan-
giophores, sporangia, sporangiospores, and rhizoids (if present). Cunninghamella spp. have 
characteristic denticles and sporangiola instead of sporangiospores.

Antifungal susceptibility testing48 Because there are currently no established interpretive breakpoints by which to assess susceptibility, 
the value of minimum inhibitory concentrations in the management of mucormycosis is limited. 
Data from in vitro, preclinical animal models and clinical correlation indicate that echinocan-
dins, flucytosine, fluconazole, itraconazole, and voriconazole are not active against mucorales 
species. Amphotericin B, isavuconazole, and posaconazole are active against the medically im-
portant mucorales species in vivo and clinically.

Histopathological analysis49-51 Detection of the characteristic ribbonlike, nonseptated or sparsely septate hyphae of the mucorales 
species in tissue samples with periodic acid–Schiff and Grocott–Gomori methenamine silver 
stains unequivocally establishes a diagnosis of mucormycosis in the corresponding site. Delays 
in time to detection may result from formalin fixation, paraffin embedding, sectioning, and 
staining. Immunohistochemical techniques and fluorescence in situ hybridization further estab-
lish a microbiologic diagnosis.

MALDI-TOF MS52,53 Recovery of an organism allows rapid molecular identification by MALDI-TOF MS. The informatics 
database of the MALDI-TOF MS instrument allows clinical laboratories to identify a wide range 
of medically important mucorales species.

Nucleic acid amplification testing54-58 Molecular detection of mucormycosis may be performed with whole blood or BAL fluid. Quantitive 
PCR assays with primer–probe sets that target the 18S ribosomal RNA have been shown to have 
the ability to detect Rhizopus arrhizus, Mucor circinelloides, L. corymbifera, and Cunninghamella 
bertholletiae in BAL fluid, plasma, and serum. Nucleic acid amplification assays that are com-
mercially available in Europe, as well as proprietary assays, detect circulating mucorales DNA 
from BAL fluid, serum, and whole blood. Analysis of cell-free DNA from plasma or serum with 
the use of a PCR assay offers a new strategy that improves analytical sensitivity over that ob-
tained with traditional whole-blood extractions.

Metagenomic analysis59,60 The usefulness of metagenomic analysis of cell-free DNA for the diagnosis of mucormycosis is not 
well defined. In a recent prospective, multicenter, observational study that involved patients 
with suspected pneumonia who were immunocompromised and underwent bronchoscopy for 
evaluation of pneumonic infiltrates of unknown cause, the use of plasma microbial cell-free 
DNA sequencing significantly increased diagnostic yield as compared with standard-care test-
ing. Among the six fungal pathogens detected only by metagenomic sequencing, two mucorales 
species were identified.

*	�BAL denotes bronchoalveolar lavage, MALDI-TOF MS matrix-assisted laser desorption ionization–time-of-flight mass spectrometry, and 
PCR polymerase chain reaction.
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cormycosis depends on five pillars of interven-
tion: early detection and staging of the disease, 
timely initiation of antifungal therapy, surgical 
resection of infected tissue, reversal of immunode-
ficiencies, and correction of metabolic abnormali-
ties (Fig. S1 in the Supplementary Appendix, avail-
able with the full text of this article at NEJM.org).

Antifungal Therapy

Randomized, controlled trials involving patients 
with mucormycosis are lacking because of the 
rarity and tremendous heterogeneity of the dis-
ease.61 Amphotericin B is the primary antifungal 
agent used for the treatment of mucormycosis.61 
Although prospective, randomized, clinical trials 
of amphotericin B as compared with placebo are 
also lacking, the cumulative body of data from 
animal models, case series, registries, and pro-
spective single-group studies support the use of 
amphotericin B as primary treatment.61-65

Lipid Formulations of Amphotericin B

Liposomal amphotericin B is preferred over am-
photericin B deoxycholate because liposomal am-
photericin B has less nephrotoxicity than ampho-
tericin B deoxycholate. However, amphotericin B 
deoxycholate may be the only formulation of am-
photericin B available in resource-limited envi-
ronments. Preclinical and clinical studies of lipid 
formulations of amphotericin B as compared 
with amphotericin B deoxycholate have shown 
that the efficacy of lipid formulations is similar 
to that of amphotericin B deoxycholate but that 
lipid formulations have a more favorable safety 
profile for early treatment of invasive myco-
ses.61,66 The most widely used range of doses of 
liposomal amphotericin B is 5.0 to 7.5 mg per 
kilogram of body weight per day.44,61,64 These 
doses are higher than those typically used for 
initial treatment of invasive pulmonary aspergil-
losis (approximately 3 mg per kilogram per day), 
but they are consistent with doses shown to have 
efficacy in preclinical models and are compatible 
with the higher minimum inhibitory concentra-
tions of amphotericin B for mucorales species 
than for aspergillus. High-dose liposomal am-
photericin B (10 mg per kilogram per day) led to 
a higher risk of nephrotoxic effects than lower 
doses and was not associated with any apparent 
improvement in therapeutic outcome.65 Despite 
the availability of liposomal amphotericin B, the 

risk of death from mucormycosis remains unac-
ceptably high among patients with profound im-
munosuppression,67 especially in the context of 
breakthrough infection during treatment with 
antifungal agents that have activity against muco-
rales species.68

Antifungal Triazoles

The only antifungal triazole licensed for primary 
treatment of mucormycosis is isavuconazole, on 
the basis of preclinical studies and a single-
group, open-label, observational study (Isavuco-
nazole in the Treatment of Renally Impaired 
Aspergillosis and Rare Fungi [VITAL]).69 In that 
study, the responses were compared with those 
among matched controls from the FungiScope 
case registry who were treated with liposomal 
amphotericin B. Isavuconazole is an appropriate 
alternative to liposomal amphotericin B, especially 
for extended treatment and for the treatment of 
patients for whom amphotericin B is not an option 
because of dose-limiting nephrotoxicity.

In two studies that evaluated the use of 
posaconazole as salvage therapy, patients received 
a previous suspension formulation of posacon-
azole administered in divided doses that totalled 
800 mg per day. Among a total of 24 patients with 
mucormycosis, overall success (defined as a com-
plete or partial response) was 79%.70 A retrospec-
tive study of posaconazole for treatment of refrac-
tory mucormycosis in 91 patients showed overall 
success of 61%.71 Posaconazole is now adminis-
tered principally as an extended-release tablet or 
an intravenous formulation.

Combination Therapy

Clinical data from studies of combination anti-
fungal therapy are limited.72,73 A retrospective 
study that used a propensity-score analysis to 
evaluate combination therapy for the treatment 
of mucormycosis in patients with hematologic 
cancers did not show clinical benefit.73

Duration of Treatment

The duration of treatment of mucormycosis should 
be individualized for each patient, according to 
the stage of the infection, response to antifungal 
therapy, surgical removal of infected tissue, re-
covery from immune impairment, and the treat-
ment plan for the underlying disease. Therapeu-
tic objectives that define clinical end points of 
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treatment include near normalization of diag-
nostic imaging, epithelialization of sinus tissue 
detected on endoscopic examination, and nega-
tive follow-up cultures and biopsies of the in-
fected site, as well as recovery from immune im-
pairment. Because relapse of mucormycosis may 
occur, particularly during periods of repeated cy-
cles of immunosuppression, patients with hema-
tologic cancers who have mucormycosis should 
receive further long-term secondary prophylaxis 
with a triazole active against mucorales species, 
along with careful monitoring if their fungal dis-
ease is assessed to be stable.

Surgical Resection

Surgery has an important role in selected cases. 
Effective management of mucormycosis calls for 
multidisciplinary surgical expertise, including that 
of general, otolaryngologic, ophthalmic, thoracic, 
orthopedic, and plastic surgeons, depending on 
the site of infection. Minimally invasive procedures 
are useful in some patients with limited forms of 
rhinosinusitis. Complete resection of myocuta-
neous lesions is indicated to prevent further lo-
cal extension and hematogenous dissemination. 
For management of sino-orbital and craniofacial 
infection, an individual assessment of the extent 
of disease is indicated. A study in India involving 
2826 patients with Covid-19 and sino-orbital-
cerebral mucormycosis showed that surgical de-
bridement was beneficial only in early stages of 
disease.27 Use of intraoperative staging with spec-
imens processed for fluorescence microscopy or 
surgical pathological analysis helps to accurately 
define surgical margins and prevent local recur-
rence.74 Because of angioinvasive infarction and 
the lack of tissue bioavailability of systemic an-
tifungal agents, advanced stages of pulmonary, 
sino-orbital, cerebral, and myocutaneous mucor-
mycosis are largely surgically treated diseases.

Adjunctive Therapeutics and Reversal  
of Underlying Conditions

Correction of metabolic acidosis and hyperglyce-
mia in patients with diabetes is critical for suc-
cessful outcomes in cases of sino-orbital or rhino-
cerebral mucormycosis. Doses of glucocorticoids 
should be rapidly reduced to the lowest possible 
effective dose. Recovery from neutropenia is 
paramount for successful outcomes in mucor-
mycosis. Administration of recombinant human 
granulocyte colony-stimulating factor or recom-

binant human GM-CSF shortens the duration of 
neutropenia and augments phagocytic function. 
Granulocyte transfusions may be beneficial in sta-
bilizing the disease in selected patients in whom 
recovery from neutropenia is pending.75 Hyper-
baric oxygen may be beneficial in the manage-
ment of selected cases of sino-orbital and rhino-
cerebral mucormycosis in patients with diabetes, 
as well as cases of isolated myocutaneous mu-
cormycosis.76,77

Ne w Dir ec tions for Improv ing 
Ou t comes

Variables that influence outcomes in mucormyco-
sis include the stage or location of disease, early 
diagnosis of invasive disease, timely initiation 
of antifungal therapy, surgical resection of tissue 
with medically intractable infection, occurrence 
of relapsed leukemia, allogeneic hematopoietic-
cell transplantation, dissemination of infection, 
the involvement of the central nervous system, 
and reversal of immunodeficiencies, which in-
volves remission of underlying hematologic can-
cers when present.78 The future research agenda 
in mucormycosis will be driven by exciting new 
developments in early diagnosis, new antifungal 
compounds, virulence targets, and host-directed 
immune adjunctive therapy (Table 3).79-93 Labora-
tory diagnosis of mucormycosis may be improved 
by expanded availability and use of new culture-
independent techniques and tools, including 
polymerase-chain-reaction analysis of cell-free 
DNA,91 metagenomic analysis,92 new antigen as-
says, and point-of-care devices, such as loop-
mediated isothermal amplification assays.80

Augmentation of innate host defenses with 
multifunctional immunomodulatory agents, in-
cluding recombinant human GM-CSF, interleu-
kin-7, and other recombinant immunomodulators, 
may be beneficial in patients with trauma-related 
immune paralysis and radiation- or chemotherapy-
induced neutropenia, contexts in which wound 
and mucocutaneous healing are important. Small-
molecule inhibition of hypoxia-inducible factor 
1α, inhibition of epidermal growth factor recep-
tor signaling by gefitinib, and use of inhibitors 
of programmed death ligand 1 and programmed 
cell death protein 1 may also be viable therapeu-
tic strategies.81-83 In addition, adjustment of nasal 
microbiota may provide defense against coloniz-
ing mucorales species.84
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Several small-molecule antifungal agents 
have been shown to have in vitro and in vivo 
activity against mucormycetes and mucormyco-
sis in preclinical studies.79,85-87 These agents in-
clude SCY-247, fosmanogepix, and MAT2203 (an 
oral nanoparticle amphotericin B formulation). 
SCY-247, which is a triterpenoid molecule that 
inhibits synthesis of 1,3-β-d-glucan, has anti-
fungal activity against experimental murine 
mucormycosis alone and in combination with 
liposomal amphotericin B. Fosmanogepix is an 
N-phosphonooxymethyl prodrug that is metabo-
lized to the active manogepix molecule, which 
inhibits Gwt1, the fungal enzyme required for 
inositol acylation of glycosylphosphatidylino-
sitol anchors.79 Fosmanogepix has also been 
shown to have activity in the treatment of ex-
perimental murine pulmonary mucormycosis.85 
Similarly, the orally administered lipid nanopar-
ticle MAT2203 has in vivo activity in the neutro-
penic mouse model of pulmonary mucormyco-
sis.86 Further investigation of the heritable RNA 
interference epimutations that result in resis-
tance to antifungal drugs in mucorales species 
may offer new approaches to understanding the 

pathogenesis of mucormycosis and combatting 
the broad antifungal drug resistance of those 
fungi.93 As new antineoplastic agents are intro-
duced, complex drug–drug interactions between 
established and newer antifungal agents will 
require a personalized approach for each pa-
tient.87

In cases of mucormycotic wound infection, 
topical therapy may be beneficial. Dakin’s solu-
tion (0.025% sodium hypochlorite) is recom-
mended for topical treatment of mucormycotic 
combat wounds,88 but therapeutic advances may 
be possible with new clinically relevant murine 
models of musculocutaneous mucormycosis and 
blast injury.89

Alternative approaches that target virulence 
factors of the mucormycetes may also lead to 
important therapeutic advances. Polyclonal anti-
bodies that target CotH3 proteins protect neu-
tropenic and diabetic ketoacidotic mice from 
mucormycosis.90 Polyclonal antibodies against 
mucoricin prolong survival in mice with experi-
mental mucormycosis.10

The future promises to bring combinatorial 
strategies of early detection in conjunction with 

Table 3. Future Directions in Mucormycosis Research.*

Epidemiology Performance of national and multinational prospective, population-based studies to investi-
gate the incidence of mucormycosis and regional differences in disease

Development of multicenter registries of mucormycosis cases to characterize evolving 
patient-specific risk factors, including diabetes, hematologic cancer, transplantation, 
trauma, receipt of critical care, and age, as well as outcomes

Characterization of immunogenetic risk factors

Laboratory diagnosis Development of new culture-independent biomarkers with the use of mucorales-specific PCR, 
cell-free DNA, metagenomics, and volatolomics

Further characterization of existing molecular biomarkers for early detection of mucormyco-
sis and correlation of fungal burden with outcome

Development of point-of-care diagnostic tools for mucormycosis

Treatment Development of biomarkers and functional imaging techniques (e.g., PET-CT) for determina-
tion of intensity and duration of antifungal therapy

Development of new first-in-class antifungal agents
Exploration of combination antifungal therapy
Harnessing of host-directed immune therapeutics against mucormycosis
Development of antivirulence-based therapeutics
Elucidation of the effects of metabolic control on risk of mucormycosis and outcomes
Characterization of the mechanisms of hyperbaric oxygen therapy and its potential role in 

treatment of mucormycosis
Clarification of the timing and extent of surgery
Assessment of the role of local administration (by nebulization or retrobulbar or topical ap-

plication) of antifungal agents
Development of new regulatory pathways and adaptive clinical trials

Outcomes Definition of the role of diagnostic imaging and biomarkers in outcomes
Delineation of the role of coexisting conditions in risk stratification for outcomes
Incorporation of patient-reported outcomes into clinical-trial assessments of outcomes
Incorporation of desirability-of-outcome ranking into clinical-trial end points

*	�PET denotes positron-emission tomography.
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the use of antivirulence, antifungal, and immu-
nomodulatory agents, all in concert with efforts 
to reverse underlying immunodeficiencies and 
metabolic abnormalities.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.

Author Information
1 Department of Infectious Diseases, Infection Control, and 
Employee Health, University of Texas M.D. Anderson Cancer 
Center, Houston; 2 Center for Innovative Therapeutics and Di-
agnostics, Richmond, VA; 3 Department of Medicine, Universi-
ty of Maryland School of Medicine, Baltimore; 4 Department of 
Microbiology and Immunology, University of Maryland School 
of Medicine, Baltimore.

References
1.	 Kwon-Chung KJ. Taxonomy of fungi 
causing mucormycosis and entomoph-
thoramycosis (zygomycosis) and nomen-
clature of the disease: molecular myco-
logic perspectives. Clin Infect Dis 2012;​
54:​Suppl 1:​S8-S15.
2.	 Roden MM, Zaoutis TE, Buchanan 
WL, et al. Epidemiology and outcome of 
zygomycosis: a review of 929 reported 
cases. Clin Infect Dis 2005;​41:​634-53.
3.	 Walsh TJ, Hospenthal DR, Petraitis V, 
Kontoyiannis DP. Necrotizing mucormy-
cosis of wounds following combat inju-
ries, natural disasters, burns, and other 
trauma. J Fungi (Basel) 2019;​5:​57.
4.	 Özbek L, Topçu U, Manay M, et al. 
COVID-19–associated mucormycosis: a sys-
tematic review and meta-analysis of 958 
cases. Clin Microbiol Infect 2023;​29:​722-31.
5.	 Muthu V, Agarwal R, Rudramurthy SM, 
et al. Risk factors, mortality, and predic-
tors of survival in COVID-19-associated 
pulmonary mucormycosis: a multicentre 
retrospective study from India. Clin Micro-
biol Infect 2024;​30:​368-74.
6.	 Cheok KPL, Farrow A, Springell D, et 
al. Mucormycosis after CD19 chimeric an-
tigen receptor T-cell therapy: results of a 
US Food and Drug Administration adverse 
events reporting system analysis and a re-
view of the literature. Lancet Infect Dis 
2024;​24(4):​e256-e265.

7.	 Anastasopoulou A, DiPippo AJ, Kon-
toyiannis DP. Non-Aspergillus invasive 
mould infections in patients treated with 
ibrutinib. Mycoses 2020;​63:​787-93.
8.	 WHO fungal priority pathogens list to 
guide research, development and public 
health action. Geneva:​ World Health Or-
ganization, 2022 (https://iris​.who​.int/​server/​
api/​core/​bitstreams/​69af4379​-4f27​-4ac4​ 
-8973​-74d7b52af7bd/​content).
9.	 Ma L-J, Ibrahim AS, Skory C, et al. Ge-
nomic analysis of the basal lineage fungus 
Rhizopus oryzae reveals a whole-genome du-
plication. PLoS Genet 2009;​5(7):​e1000549.
10.	 Soliman SSM, Baldin C, Gu Y, et al. 
Mucoricin is a ricin-like toxin that is criti-
cal for the pathogenesis of mucormyco-
sis. Nat Microbiol 2021;​6:​313-26.
11.	 Chakrabarti A, Singh R. Mucormyco-
sis in India: unique features. Mycoses 
2014;​57:​Suppl 3:​85-90.
12.	 Seidel D, Wurster S, Jenks JD, et al. 
Impact of climate change and natural di-
sasters on fungal infections. Lancet Mi-
crobe 2024;​5(6):​e594-e605.
13.	 Gomes MZR, Lewis RE, Kontoyiannis 
DP. Mucormycosis caused by unusual mu-
cormycetes, non-Rhizopus, -Mucor, and 
-Lichtheimia species. Clin Microbiol Rev 
2011;​24:​411-45.
14.	 Petraitis V, Petraitiene R, Antacho-
poulos C, et al. Increased virulence of 

Cunninghamella bertholletiae in experimen-
tal pulmonary mucormycosis: correlation 
with circulating molecular biomarkers, 
sporangiospore germination and hyphal 
metabolism. Med Mycol 2013;​51:​72-82.
15.	 Gebremariam T, Liu M, Luo G, et al. 
CotH3 mediates fungal invasion of host 
cells during mucormycosis. J Clin Invest 
2014;​124:​237-50.
16.	 Lockhart SR, Bialek R, Kibbler CC, 
Cuenca-Estrella M, Jensen HE, Kontoyian-
nis DP. Molecular techniques for genus and 
species determination of fungi from fresh 
and paraffin-embedded formalin-fixed tis-
sue in the revised EORTC/MSGERC defi-
nitions of invasive fungal infection. Clin 
Infect Dis 2021;​72:​Suppl 2:​S109-S113.
17.	 Lax C, Nicolás FE, Navarro E, Garre V. 
Molecular mechanisms that govern infec-
tion and antifungal resistance in Mucora-
les. Microbiol Mol Biol Rev 2024;​88(1):​
e0018822.
18.	Andrianaki AM, Kyrmizi I, Thanopou-
lou K, et al. Iron restriction inside macro-
phages regulates pulmonary host defense 
against Rhizopus species. Nat Commun 
2018;​9:​3333.
19.	 Alqarihi A, Kontoyiannis DP, Ibrahim 
AS. Mucormycosis in 2023: an update on 
pathogenesis and management. Front Cell 
Infect Microbiol 2023;​13:​1254919.
20.	 Pikoulas A, Morianos I, Nidris V, et al. 

Key Points

Mucormycosis

•	 Mucormycosis is a rapidly progressive and often lethal invasive fungal infection that affects 
patients who are severely immunocompromised, as well as patients with diabetes and persons with 
immunocompetence who have major trauma.

•	 Mucormycosis manifests in several clinical forms, including sino-orbital, rhinocerebral, sinopulmonary, 
gastrointestinal, cutaneous, musculoskeletal, osteoarticular, and disseminated mucormycosis, as well 
as single-organ disease.

•	 A high index of suspicion in the appropriate clinical context and subsequent microbiologic or 
histopathological confirmation are necessary for early intervention, which reduces mortality.

•	 Successful treatment depends on five pillars of intervention: early detection and staging of the 
disease, timely initiation of antifungal therapy, surgical resection of infected tissue, reversal of 
immunodeficiencies, and correction of metabolic abnormalities.

•	 Liposomal amphotericin B is the preferred agent for initial antifungal therapy. Oral triazoles (i.e., 
isavuconazole and posaconazole) are alternative agents, especially for step-down therapy.

•	 Research on rapid molecular diagnostic strategies, new antifungal agents, host-directed immune 
augmentation, antivirulence immune therapeutics, and risk-based stratification to inform management 
of disease may substantially improve outcomes in patients with this highly destructive mycosis.
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