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Abstract 

Cryptococcosis causes a high burden of disease w orldwide. T his sy stematic re vie w summariz es the literature on Cryptococcus neoformans 
and C . gattii infections to inform the World Health Organization’s first Fungal Priority Pathogen List. PubMed and Web of Science were used to 
identify studies reporting on annual incidence, mort alit y, morbidit y, antifungal resist ance, pre v ent abilit y, and distribution/emergence in the past 
10 years. Mort alit y rates due to C. neof ormans w ere 41%–61%. Complications included acute renal impairment, raised intracranial pressure 
needing shunts, and blindness. There was moderate evidence of reduced susceptibility (MIC range 16–32 mg/l) of C. neoformans to fluconazole, 
itraconaz ole, k etoconaz ole, v oriconaz ole, and amphotericin B. Cryptococcus gattii infections comprised 11%–33% of all cases of in v asiv e cryp- 
tococcosis globally. The mort alit y rates were 10%–23% for central nerv ous sy stem (CNS) and pulmonary infections, and ∼43% for bloodstream 

infections. Complications described included neurological sequelae (17%–27% in C. gattii infections) and immune reconstitution inflammatory 
syndrome. MICs were generally low for amphotericin B (MICs: 0.25–0.5 mg/l), 5-flucytosine (MIC range: 0.5–2 mg/l), itraconazole, posaconazole, 
and v oriconaz ole (MIC range: 0.06–0.5 mg/l). There is a need f or increased surv eillance of disease phenotype and outcome, long-term disability, 
and drug susceptibility to inform robust estimates of disease burden. 

Ke y w or ds: Cryptococcus neoformans , Cryptococcus gattii , cryptococcosis, cryptococcal meningitis, invasive fungal infection. 
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Introduction 

Invasive fungal infections pose a significant threat to global 
health. Although their burden is ill-defined, crude estimates 
suggest they cause over 1.6 million deaths annually.1 The ab- 
sence of strong surveillance systems results in clinicians mak- 
ing decisions based on limited information about local epi- 
demiology, antimicrobial resistance, and effective treatment 
strategies. In response to this growing threat, the World Health 

Organization (WHO) developed a Fungal Priority Pathogens 
List (FPPL). This list, published in 2022, was created through 

a comprehensive international consultation process, using a 
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urvey incorporating a discrete choice experiment. The indi- 
idual fungal pathogens, including Cryptococcus neoformans 
nd C. gattii , were ranked based on the results of systematic
eviews, expert opinion, and data from the discrete choice ex- 
eriments. 
Cryptococcosis is a life-threatening invasive fungal infec- 

ion, that poses a significant global health challenge. Histori- 
ally, Cryptococcus was described as two species: C . neofor- 
ans (var. grubii and var. neoformans ) and C . gattii . More re-

ently, phylogenetic analyses have distinguished seven clades 
epresenting species (VNI-III and VGI-IV), and there are likely 
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ore, with varying virulence and regional distribution.2 , 3 For
xample, VGI is prevalent in Australia and Asia, VGII is par-
icularly associated with the emergence in North America,
GIII is increasing among immunocompromised individuals

n the United States, and VGIV is primarily found in Africa.3–5 

otably, the terminology of two cryptococcal ‘species com-
lexes’ remains common in clinical practice as it is the most
racticable for management purposes. 
Cryptococcosis is best documented in people living with
IV/AIDS. However, it is increasingly recognized in other im-
unocompromised hosts, and occurs in people with various
nderlying conditions and even unrecognized risk factors.6–8 

embers of the C . neoformans and C . gattii species com-
lexes are the predominant causative agents,9 with species-
pecific differences in epidemiology: for example, C. neo-
ormans species complex has traditionally been observed
n HIV/AIDS patients, whilst C. gattii species complex in-
ection has a propensity to occur in immunocompetent
atients.10 

Innate and adaptive responses work together to combat
ryptococcus spp., with CD4 + T-cells particularly impor-

ant for an effective adaptive response.11 , 12 Symptomatic in-
ection often indicates a compromised immune system, par-
icularly in individuals with reduced CD4 + T-cell counts,
uch as people living with HIV.13–15 Latency and dormancy
re also important aspects of cryptococcal pathogenesis. The
ungus can remain dormant in the host due to both im-
une pressure and fungal factors,16–19 and in certain host

nvironments, including granulomas, it can avoid immune
etection.19 Reactivation of dormant cryptococci becomes 
 concern when the host’s immune system becomes com-
romised, potentially leading to invasive disease.20 Improv-
ng our understanding of these and other factors is cru-
ial for improving diagnostic, therapeutic, and preventive
trategies.21 

Cryptococcus neoformans and C. gattii species complexes
re acquired via the respiratory tract, where they can cause
ocal infection, although it is their tropism for the central ner-
ous system (CNS) that is associated with the most serious
anifestations of infection. Cryptococcal meningitis (CM) re-
ains the most common cause of fungal meningitis world-
ide with over 220 000 new cases and 180 000 deaths per an-
um.22 Consequently, CM is an infection of global relevance,
ith most deaths seen in sub-Saharan Africa and in South and

outheast Asia.23–25 

Treatment options for invasive cryptococcosis are limited,
nd development of novel anti-cryptococcal agents has been
low in recent decades.26 Cryptococci are intrinsically resis-
ant to echinocandins.27 Optimal induction treatment relies
n amphotericin B and 5-flucytoscine despite their substan-
ial toxicity and limited access associated with economic and
ogistical constraints. Prolonged treatment with azoles is re-
uired following induction therapy.28 

In low- and middle-income countries (LMICs) where dis-
ase burden is highest, poor access to optimal therapeu-
ics (i.e., 5-flucytosine and amphotericin B lipid formu-
ations) increases the clinical challenges and contributes
o the observed persistent poor clinical outcomes of
ryptococcosis.29 

This systematic review evaluates C. neoformans and C. gat-
ii species complexe infections against a set of criteria, namely:
ortality , hospitalization and disability , antifungal drug re-

istance, preventability, yearly incidence, global distribution,
nd emergence, based on data published between 2011 and
021. The purpose is to determine knowledge gaps for both
. neoformans and C. gattii species complexes in the above
reas to highlight research needs and to inform the WHO
PPL. 

aterials and methods 

earch strategies 

e conducted a comprehensive search for studies published
n English using the PubMed and Web of Science databases.
hese databases were chosen due to their extensive coverage
f medical and scientific literature. The study was conducted
ccording to PRISMA guidelines.30 All searches were limited
o the last 10 years (from 1st January 2011 to 19th February
021). 
On PubMed, we used medical subject headings (MeSH)

nd/or keyword terms in the title/abstract for each pathogen
nd criterion. 

For C. neoformans , the final search used ( C . neofor-
ans [T itle] OR C . neoformans [T itle]) combined; for C. gat-

ii , the final search used ( C . gattii [MeSH Terms]) com-
ined, using AND term, with criteria terms including (mortal-
ty[MeSH Terms]) OR (morbidity[MeSH Terms]) OR (hos-
italization[MeSH Terms]) OR (disability[All Fields]) OR
drug resistance, fungal[MeSH Terms]) OR (prevention and
ontrol[MeSH Subheading]) OR (disease transmission, in-
ectious[MeSH Terms]) OR (diagnostic[Title/Abstract]) OR
antifungal agents[MeSH Terms]) OR (epidemiology[MeSH
erms]) OR (surveillance [Title/Abstract]). 
On Web of Science, MeSH terms are not available and

herefore topic search (TS), title (TI), or abstract (AB) search
ere used. The final search used [TI = (‘cryptococcus neo-

ormans/cryptococcus gattii’) OR TI = (‘C. neoformans’) OR
B = (‘cryptococcus gattii’)], combined using AND term with
riteria terms each as topic search, including (mortality) OR
case fatality) OR (morbidity) OR (hospitalization) OR (dis-
bility) OR (drug resistance) OR (prevention and control) OR
disease transmission) OR (diagnostic) OR (antifungal agents)
R (epidemiology) OR (surveillance). Symbol ∗ allows a trun-

ation search for variations of the term (e.g., hospitalization
r hospitalization). 

tudy selection 

e imported search results from each database into the on-
ine systematic review software, Covidence ® (Veritas Health
nnovation, Australia), and removed duplicates. The inclusion
riteria were retrospective/prospective observational stud-
es, randomized controlled trials, guidelines, epidemiology,
urveillance reports, published within the last 10 years (2011–
021), reporting adults and paediatric data, including data
n the fungal pathogen, and data on at least one criterion.
xclusion criteria were studies reporting on non-human data
e.g., animals, plants) or non-fungal data (e.g., bacteria), no
ata on relevant pathogens or criteria, case reports, confer-
nces, abstracts, reviews, papers on drugs without marketing
uthorization, in vitro papers on resistance mechanisms, and
apers published in non-English language. Identified articles
nderwent title and abstract screening based on the inclu-
ion criteria. No reason was provided for exclusion during
itle and abstract screening. Two independent reviewers (AD
nd HYK) performed full text screening for the final eligible
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Figure 1. Flow diagram for selection of studies included in the systematic review for C . neoformans . 
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articles on Covidence ®. A third reviewer resolved any discrep- 
ancies (JWA). Excluded articles were recorded with reasons 
when excluded during full text screening. If there were any 
additional articles identified from references of the included 

articles, these were added. The resulting articles were subject 
to the final analysis. 

Data collection and synthesis 

Data from the final included studies were extracted for rele- 
vant criteria (AD and HYK). The extracted data were checked 

by the second reviewer (JWA) (initially 10% check, then 

expanded to 20% and more if needed, depending on the 
type of extent of observed errors). The extracted data on 

the outcome criteria were qualitatively AND/OR quantita- 
tively synthesized, depending on the amount and nature of the 
data. 

Risk of bias assessment 

We assessed risk of bias using the risk of bias tool for random- 
ized trials version 2 (ROB 2) tool for randomized controlled 

trials.31 The risk of bias in non-randomized studies (RoBANS) 
tool was used to assess the non-randomized studies.32 For the 
overall risk, using ROB 2 tool, the studies were rated ‘low’,
‘high’, or ‘some’ concerns. Using the RoBANS tool, the stud- 
ies were rated as ‘low’, ‘high’, or ‘unclear’ risk. 

For the purposes of this review, we considered each crite- 
rion as an outcome of the study and assessed if any bias was 
expected based on the study design, data collection, and anal- 
ysis methods for that outcome. Studies that were classified as 
having an unclear or high overall risk were still eligible for 
inclusion with cautious interpretation. 
esults 

tudy selection 

or C. neoformans , PubMed and Web of Science Core Col-
ection databases searched between 1 January 2011 and 

9 February 2021 yielded 287 and 388 articles, respec- 
ively (Fig. 1 ). For C. gattii , the search yielded 219 and
77 articles, respectively (Fig. 2 ). A total of 45 ( C. neofor-
ans ) and 14 ( C. gattii ) articles were included in the final

nalysis. 

isk of bias 

or C. neoformans , the overall risk of bias for each study
s presented in the Table 1 A. Of the included studies,
2 studies were classified as low risk of bias in all do-
ains assessed. Twenty-three studies were classified as un- 

lear risk of bias, mostly due to the potential selection 

iases caused by unclear eligibility criteria or population 

roups, or unclear confirmation/consideration of confounding 
ariables. 

For C. gattii , the overall risk of bias for each study is pre-
ented in the Table 1 B. Of the 14 studies, 5 studies were clas-
ified as low risk of bias in all domains assessed. Nine studies
ere classified as unclear risk of bias, mostly due to the selec-

ion biases caused by unclear eligibility criteria or population 

roups, or unclear confirmation/consideration of confounding 
ariables. 

ortality rates 

or C. neoformans , 13 studies reported on mortality 
Table 2 ). The mortality rates due to C. neoformans were re-
orted to be as high as 41%–61% for patients with HIV in-

art/myae043_f1.eps
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Figure 2. Flow diagram for selection of studies included in the systematic review for C . gattii . 
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ection.37, 63, 64, 69, 73 Mortality rates specifically reported for
IV-negative patients were lower, ranging from 8% to 20%,

ut small patient numbers are noted ( N = 12–44).63 , 40 , 77 

For C. gattii , four studies reported on mortality (Table 2 ).
he mortality rate due to C. gattii -related bloodstream infec-

ion was 43% ( N = 7) in the study by Smith et al.85 Other
tudies reported mortality rates of 10%–23.4% for CNS in-
ections 78, 79, 84, 85 and 14.6%–21% for pulmonary infections,
cknowledging the relatively small cohorts.85 , 84 

ntifungal susceptibilities 

n total, 33 studies reported results of antifungal susceptibil-
ty testing on C. neoformans isolates (Table 3 ), and 6 studies
or C. gattii (Table 4 ); methodologies included CLSI standard,
UCAST standard, Etest, Vitek 2 YST AST, and Sensititre Yea-
tOne assays. Details of these studies are presented in the ap-
endix (Tables A1 and A2). 

ryptococcus neoformans susceptibility to antifungals 
efore 2020, when EUCAST has provided a CBP for ampho-
ericin B only, there were no interpretative clinical breakpoint
CBP) MICs for C. neoformans . It is also noteworthy that
o causal relationship has been established between MIC and
reatment failure.86 Consequently, interpretive criteria applied
o antifungal MIC results for C. neoformans in the reviewed
ublications were highly variable both within and between
ublications. Examples of interpretive criteria included uti-
izing C. albicans CBPs, or breakpoints suggested with user
anuals provided with testing kits, CLSI epidemiologic cut-
ff values (ECVs), and values selected from previous scientific
ublications. 
Reported susceptibility of C. neoformans to fluconazole

as variable, with two studies reporting no ‘resistance’ in
heir tested isolates 33 , 42 and some others reporting higher ‘re-
istance’ rates of up to 30%.41 , 75 Fluconazole MIC 90 values
ere variable between studies; however, were as high as 16

o 32 mg/l based on CLSI 33 , 54, 75, 76 and EUCAST methods for
IC determination.45 Chen et al. observed significantly in-

reasing numbers of isolates with fluconazole MIC ≥ 8 mg/l
ver the study period 2001–2012 ( P < 0.001).41 

Limited numbers of studies reported susceptibility to isavu-
onazole. Geometric mean MIC values from these studies
anged from 0.011 to 0.065 mg/l 55, 56, 70, 72 and MIC 90 values
anged from 0.031 to 0.063 mg/l.56, 70, 72 Reduced suscepti-
ility to itraconazole (0.03–2 mg/l) was uncommon, ranging
rom 0% to 22% 

, 42 , 54 with ≤ 1% non-wild type (non-WT)
ates.45 , 48 , 51 ‘Resistance’ rates were lower for ketoconazole
0%–7%) 33 , 54 and voriconazole (0%).33 , 42 For posaconazole
nd voriconazole, non-WT rates of 1.3%–5.7% were re-
orted.45 , 48 , 51 

For amphotericin B, Andrade-Silva et al. reported a resis-
ance rate of 11% based on 95 isolates from HIV/AIDS pa-
ients in Brazil,33 in contrast to Tewari et al. reporting < 2%
esistance rate in their Indian population (80% without HIV
nfection).76 

Susceptibility to 5-flucytosine was only reported as non-WT
ates of 1%–2%,45 , 51 and MIC 90 values were highly variable
etween studies but were as high as 8–16 mg/l.45 , 70 , 72 , 51 , 38 

elb et al. observed a lower MIC90 of 1 mg/l for serotype A
genotype VNI) compared with MIC90 of 8 mg/l for serotype
 (genotype VNIV).74 

ryptococcus gattii susceptibility to antifungals 
or C. gattii , all studies reported MIC values without inter-
retive CBP MICs. 
Studies by Espinel-Ingroff et al. and Lockhart et al. were

onducted on large number of isolates ( ∼300) from multiple

art/myae043_f2.eps
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Table 1. The risk of bias for each study of C. neoformans . 

Author Publication year Risk of bias (low, high, and unclear) Reference 

A 

Andrade-Silva et al. 2013 Unclear 33 

Andrade-Silva et al. 2018 Unclear 34 

Ashton et al. 2019 Unclear 35 

Bariao et al. 2020 Low 

36 

Beale et al. 2015 Low 

37 

Bertout et al. 2012 Unclear 38 

Cao et al. 2019 Low 

39 

Chan et al. 2014 Low 

40 

Chen et al. 2015 Low 

41 

Chen et al. 2018 Low 

42 

Chowdhary et al. 2011 Unclear 43 

Cogliati et al. 2018 Unclear 44 

Córdoba et al. 2016 Low 

45 

de Oliveira et al. 2017 Low 

46 

Desnos-Ollivier et al. 2015 Unclear 47 

Espinel-Ingroff et al. 2012 Unclear 48 

Espinel-Ingroff et al. 2012 Unclear 49 

Espinel-Ingroff et al. 2015 Unclear 50 

Fan et al. 2016 Low 

51 

Gonzalez et al. 2016 Low 

52 

Govender et al. 2011 Unclear 53 

Gutch et al. 2015 Unclear 54 

Hagen et al. 2016 Unclear 55 

Herkert et al. 2018 Unclear 56 

Hurtado et al. 2019 Low 

57 

Kassi et al. 2016 Low 

58 

Lahiri et al. 2020 Unclear 59 

Lin et al. 2015 Unclear 60 

Mahabeer et al. 2014 Low 

61 

Mahabeer et al. 2014 Low 

62 

Martins et al. 2011 Low 

63 

Mdodo et al. 2011 Unclear 64 

Miglia et al. 2011 Unclear 65 

Naicker et al. 2020 Unclear 66 

Nascimento et al. 2017 Low 

67 

Nishikawa et al. 2019 Low 

68 

Nyazika et al. 2016 Low 

69 

Pan et al. 2012 Unclear 70 

Pfaller et al. 2011 Unclear 71 

Prakash et al. 2020 Low 

72 

Rakotoarivelo et al. 2020 Unclear 73 

Selb et al. 2019 Low 

74 

Smith et al. 2015 Low 

75 

Tewari et al. 2012 Unclear 76 

Yoon et al. 2020 Low 

77 

B. The risk of bias for each study of C. gattii 
Chen et al. 2012 Low 

78 

Chen et al. 2013 Low 

79 

Espinel-Ingroff et al. 2012 Unclear 48 

Espinel-Ingroff et al. 2012 Unclear 49 

Espinel-Ingroff et al. 2015 Unclear 50 

Firacative et al. 2016 Unclear 80 

Harris et al. 2011 Low 

81 

Hurtado et al. 2019 Unclear 57 

Kassi et al. 2016 Unclear 58 

Lahiri et al. 2020 Unclear 59 

Lee et al. 2019 Unclear 82 

Lockhart et al. 2012 Unclear 83 

Phillips et al. 2015 Low 

84 

Smith et al. 2014 Low 

85 
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ountries.48 , 49, 50, 83 Reported MICs for fluconazole were gen-
rally high (range: 0.5–32 mg/l), although variable, with iso-
ates of molecular type VGII showing the highest modal or
eometric mean MIC of > 8 mg/l compared with other molec-
lar types (1.7–4.0 mg/l for VGI and VGIII).48 , 83 Modal MICs
f itraconazole, posaconazole, and voriconazole for C. gattii
anged from 0.06 to 0.5 mg/l for both molecular-typed and
on-typed isolates.48 

For amphotericin B, modal or geometric mean MICs ranged
rom 0.25 to 0.5 mg/l for both typed and non-typed iso-
ates.49 , 80 , 82 Susceptibility results for flucytosine were vari-
ble with modal or geometric mean MICs of 0.5–2 mg/l, and
ith higher values reported ( > 64 mg/l) for molecular types
 GI and V GII. 49 , 80 , 82 No susceptibility data were available

or echinocandins, but Cryptococcus species, like all basid-
omycetes are intrinsically resistant to this class. 

nnual incidence and global distribution 

nnual global incidence rates for C. neoformans and C. gat-
ii could not be assessed due to lack of denominator from all
ncluded studies. However, at a population level, there were
stimated 220 000 cases of CM globally in 2014 (about 3 in
00 000 population).22 Chen et al. reported the annual inci-
ence of C. gattii infections was 6 in 100 000 between 2000
nd 2007 in Australia,78 but higher (nearly 10-fold) annual
ncidence rate was reported in Aboriginal Australians.78 

Although its proportional contribution to total cases of
ryptococcal disease varies by geographic region, it was ev-
dent that C. neoformans was globally distributed.87 The
revalence of C. neoformans among isolates causing CM
as reported in three multi-centre studies from African coun-

ries 73 , 58 , 65 and one single-centre study from India (Table 5 ).59 

n Madagascar during 2014–2016, the proportion of crypto-
occal infection caused by C. neoformans var. grubii (serotype
) in HIV-infected patients was 13.2%.73 A multi-centre lab

urveillance study conducted in South Africa during 2005–
006 reported a high prevalence (82%) of C. neoformans
erotype A (VNI) and a lower prevalence (0%–10%) of
erotype A (VNB, VNII), serotype AD (VNIII), and serotype
 (VNIV) among paediatric patients with cryptococcosis.65 

imilarly, in Ivory Coast during 2012–2014, a study showed
6% of HIV-associated CM was caused by C. neoformans
NI genotype.58 In India, the majority of the CNS cryptococ-

osis patients were from Bangalore Urban, Karnataka, which
s in the southern part of India; 80% of the clinical strains were
. neoformans VNI and 8.75% were C. neoformans VNII.59 

There was limited data available to assess the global distri-
ution of C. gattii, four studies informed prevalence of C. gat-
ii in patients with cryptococcal infections in different study
ocations, including Australia, India, Brazil, and Africa (Ta-
le 5 ). Overall, C. gattii accounted for 11%–33% of cryp-
ococcal infections.82 , 59 , 57 In contrast, the earlier study con-
ucted in Ivory Coast reported only one case of C. gattii
nfection in 61 HIV-positive patients with cryptococcal in-
ections.58 Like C. neoformans , the distribution of C. gattii
olecular types seems to vary across regions, although it was
ifficult to assess as few regions were represented. In Australia,
enotype VGI caused the majority of the C. gattii cases,82 

hereas in India, VGIV was the most commonly observed
enotype.59 
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Inpatient care and the length of stay in hospital 

The median hospital length of stay in patients with C. neo- 
formans infection ranged from 18 to 39 days,40, 69, 73 , 39 with 

only Cao et al. 2019 reporting on HIV-negative patients (Ta- 
ble 6 ). Although Chan et al. reported a greater length of stay 
for HIV-negative patients with cryptococcosis (predominantly 
involving C. neoformans var. grubii VNI ) compared with HIV 

positive cryptococcosis patients (31 days vs. 18.5 days), this 
difference was based on only 12 HIV-negative patients and 

was not statistically significant.40 

Only one study reported on the hospital length of stay in 

patients with C. gattii infection (Table 6 ). This nationwide ret- 
rospective study conducted in Australian hospitals described 

average intensive care unit (ICU) stay related to C. gattii in- 
fection in 18 adult patients as 9.1 days with a wide range of 
1–29 days.78 It did not report overall hospital length of stay.
Notably, 90% of patients in this study received amphotericin 

B for the first 14 days, which typically requires inpatient ther- 
apy. 

Complications, sequelae, and disabilities 

Both C. neoformans and C. gattii infections can lead to severe 
complications, sequelae, and disabilities (Table 7 ). 

A 2017 review highlighted that neurosensorial impairment 
and disability are common sequelae 6 months to 1 year after 
diagnosis in C. neoformans infections. Symptoms mainly in- 
clude residual headache, motor deficit, and vertigo.88 Other 
common complications may include anaemia, hypokalaemia, 
elevated aminotransferase levels, neutropenia, hypercreatine- 
mia, and opportunistic infections.89 

A study ( n = 50) described complications from C. neo- 
formans infection and treatment in HIV-positive individuals 
(mostly infected with C. neoformans var. grubii VNI geno- 
type), including acute renal impairment, likely associated with 

antifungal therapies (28% of patients), raised intracranial 
pressure (ICP) needing shunts (18%), and blindness (12%).40 

Cao et al. reported a higher rate of unfavourable clinical out- 
come (defined as death, vegetative status, or severe to moder- 
ate disability) in CM patients with pulmonary nodules com- 
pared with those without the pulmonary nodule involvement 
(72.5% vs. 48%, P = 0.019).39 

Day et al. (2013) found that baseline fungal count and 

Glasgow Coma Scale (GCS) were independent predictors 
of 6-month survival for CM. Furthermore, the choice of 
therapy regimen affects the survival rate and complications.
For instance, it was found that neutropenia was more fre- 
quent among patients receiving amphotericin B with flu- 
conazole or flucytosine than patients receiving amphotericin 

B monotherapy. Also, fewer patients had severe anaemia 
and visual deficit when combined therapy of amphotericin 

B with fluconazole/flucytosine than amphotericin B therapy 
alone.89 

Neurological sequelae at 12 months of treatment were re- 
ported in 17%–27% of patients with C. gattii infections, and 

included signs and symptoms of visual impairment, hearing 
loss, limb weakness or balance disturbance, and cognitive im- 
pairment.78 , 84 

Immune reconstitution inflammatory syndrome (IRIS) was 
observed in 9.4% of patients with C. gattii infections from 

6 weeks to as long as 12 months after the initiation of azole 
eradication therapy, and these patients presented with new or 
enlarging brain lesions.78 
reventability 

isk factors for C. neoformans infection were documented in 

wo studies. HIV/AIDS, cell-mediated immunity-suppressive 
egimens without calcineurin inhibitors, and decompensated 

iver cirrhosis were risk factors for CM (adjusted OR of 181.4,
5.9, and 8.5, respectively) and cryptococcemia (adjusted OR 

f 216.3, 7.3, and 23.8, respectively).60 Autoimmune diseases 
adjusted OR = 9.3) were an additional risk factor for cryp-
ococcemia.60 

HIV-infected patients and immunocompromised individu- 
ls are particularly vulnerable to cryptococcal infections and 

M. Although not specific to C. neoformans , a retrospec- 
ive review of routine cerebrospinal fluid laboratory records 
 N = 4702) between 2000 and 2014 in Botswana, South
frica, determined that antiretroviral therapy access alone 
id not lead to a significant decrease in the incident rate
f HIV-associated CM.90 Furthermore, several systematic re- 
iews have quantified the preventative effect of pre-emptive 
herapy on CM: Relative risk of 0.19 ( P < 0.0001) 91 ; inci-
ence reduced from 21% to 5% in patients with CD4 < 100,
elative risk 0.23 

92 ; and incidence reduced from 5% to 3% in
atients with CD4 < 200, relative risk 0.6.93 

A study by Harris et al. observed that patients with C. gattii
utbreak strain infections had more pre-existing conditions 
ompared with patients with non-outbreak strain infections 
86% vs. 31%; P < 0.0001).81 The pre-existing conditions 
ainly involved immunosuppression or previous use of oral 

orticosteroids (during the year before infection) in 50% of 
atients and existing lung, renal, heart disease, or diabetes in
0%–30% of patients. It was also observed that patients with
utbreak strain infections were older [median (range) of 56 

2–95) vs. 45 (18–56) years, P = 0.007]. 

iscussion 

ryptococcosis is particularly common in HIV/AIDS patients.
owever, antiretroviral therapy (ART) access alone has not 

lways decreased the incidence of HIV-associated CM signif- 
cantly.90 This observation may be associated with late pre- 
entation and cumulative default from care by HIV/AIDS pa- 
ients, suggesting that integrated interventions beyond simply 
roviding ART are required to prevent cryptococcosis and 

M. 
Cryptococcosis can lead to prolonged hospitalization. The 

ong length of stay in hospital may be partially attributed to
reatment recommendations involving 14 days induction ther- 
py with amphotericin B for most of the study period (al-
hough current WHO treatment recommendations for HIV- 
ssociated CM now favour shorter courses of amphotericin).
mphotericin B must be administered intravenously and, in 

ost settings, is delivered as in-patient therapy. Although CM 

learly causes significant morbidity and has a long-term im- 
act on patients, the effect is poorly quantified, and future CM
tudies should continue to expand the evidence on short- and
onger-term disability and quality of life. 

There is clear evidence that cryptococcosis is associated 

ith high mortality. Baddley et al. stated that the all-cause
ortality rates were 18.8% at 3 months and 25.5% at
2 months.94 The rates described in this review are higher than 

hose observed in clinical trials. For example, some studies 
ave reported mortality rates for CM of around 20%.95–99 

n trials, patients with significant co-morbidities or very 
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dvanced disease may be excluded, and interventions and in-
estigations follow a strict protocol. These factors may con-
ribute to the lower mortality.26 , 100 Furthermore, diagnoses
uch as toxoplasmosis, Pneumocystis jirovecii pneumonia,
r other opportunistic infections may be more thoroughly
creened for and managed in trial settings. This hypothesis is
upported by Tenforde et al. (2020), who found that in sub-
aharan Africa, short-term mortality rate was 44% in obser-
ational studies and only 21% in randomized control trials.101 

egardless, the mortality rate is unacceptably high, and global
esearch to improve outcomes is needed. 

A detailed summary of antifungal susceptibility data is pre-
ented in this review. We observed rising MICs to azoles
e.g., itraconazole, ketoconazole, and voriconazole), includ-
ng in vitro ‘resistance’ to fluconazole in up to 30%,41 with
n increasing number of isolates with MIC ≥8 μg/ml be-
ween 2001 and 2012. However, the data are limited, and
here is yet no clear association between MIC and clini-
al outcomes. Nonetheless, this observation calls for ongo-
ng surveillance globally and investigation into the cause.
ince Cryptococcus spp . are not transmitted from human
o human, an environmental selection pressure for azole re-
istance could hypothetically be at play, as described for
ther fungal pathogens such as Aspergillus .102 Two studies
eported that in patients with HIV/AIDS, 11% of the Cryp-
ococcus strains showed non-WT MICs to amphotericin B. A
uch lower percentage ( < 2%) of the Cryptococcus strains

howed non-WT MICs to amphotericin B in HIV-negative
atients. 
Cryptococcus gattii susceptibility data varied with molecu-

ar type and, in general, showed higher MICs to fluconazole
ompared with other azoles, including isavuconazole, itra-
onazole, posaconazole, and voriconazole. MICs for ampho-
ericin B (0.25–0.5 mg/l) and 5-flucytosine (0.5–2 mg/l) were
ow. Therefore, future studies should continue tracking anti-
ungal susceptibility and resistance for C. gattii , and their cor-
elation with clinical outcomes. 

There have been significant developments in prevention of
M over the past decade. Strong evidence has emerged for

he cost-effectiveness of screening for C. neoformans crypto-
occal antigenaemia with point-of-care antigen tests and treat-
ng positive cases, especially in low-resource settings or high-
revalence areas with high number of HIV cases.103 , 104 How-
ver, there are no data on high-income countries, for C. gattii ,
r for patient groups outside of HIV/AIDS. 
The systematic reviews of C. neoformans and C. gattii in-

ections were characterized by sparse, frequently inconsistent
ata. For instance, there were few studies determining the inci-
ence of infections in specific countries. However, it is known
hat C. neoformans is globally distributed, with some geo-
raphic variation between members of the species complex
s the causative agent. For example, in Madagascar, 13.2%
f HIV-infected patients had cryptococcal infection due to C.
eoformans var. grubii (serotype A). Studies in South Africa,
vory Coast, and India reported high prevalence of C. neofor-
ans serotype A (VNI) (80%–86%) in adult and paediatric
atients with cryptococcosis. C. gattii accounted for 11%–
3% of cryptococcal infections overall in countries such as
ustralia, India, Brazil, and Africa. 
Trends over the last 10 years for C. neoformans were diffi-

ult to assess due to incomplete data. However, the prevalence
f C. neoformans serotype A VNI reported in two African
ountries and India was comparable and was consistently
igh (80%–86%) over the period of 2011–2020.58, 59, 65 Apart
rom that, there was also a lack of country-level or global
urveillance studies reporting the emergence of C. gattii in-
ections in the last 10 years. The studies reporting the preva-
ence of C. gattii did not provide adequate data to assess
lobal trends. Although studies conducted in African coun-
ries (Ivory Coast and Mozambique, respectively) showed a
reater prevalence of 33% in 2019 compared with 1.6%
n 2016,58 , 57 these data are confounded by environmental
nd study population-related variables. Thus, it is not pos-
ible to make a conclusive statement about the trend in
his region. 

Our review has several limitations. In particular, we were
nable to include non-English-language studies. We only in-
luded data from peer-reviewed and indexed publications and
ay therefore have missed valuable data. 

 uture perspectiv es 

uture research on C. neoformans and C. gattii should fo-
us on several key areas: (1) obtaining more robust clinical
nd microbiological data to support diagnosis and treatment;
2) developing new diagnostic tools and treatments; (3) un-
erstanding the genetic and molecular mechanisms of these
athogens; (4) understanding host-pathogen interactions and
ost’s immunological response to the infection; (5) under-
tanding the epidemiology of these pathogens in different re-
ions and populations to identify high-risk groups and de-
elop targeted prevention and control strategies. 

Stronger surveillance systems and epidemiology studies
ould better inform the disease burden and the global dis-

ribution of C. neoformans and C. gattii . These may allow
ore rigorous identification of at-risk populations, dispersion
atterns, and preventative measures. Better understanding of
linical manifestations and susceptibility profiles for different
olecular types is needed and could potentially inform indi-

idualized treatment options. Conducting trials in cryptococ-
osis is complex because disease is rare, and it is difficult to
ecruit sufficient patients into clinical trials to detect impacts
n clinical outcome, especially in non-HIV populations. Sev-
ral groups have investigated surrogate markers of treatment
ffect (such as early fungicidal activity) 105 , 106 to allow smaller
rials. Additional work in this area is needed. 

onclusion 

ryptococcus neoformans and C . gattii are important fungal
athogens. Both are globally distributed with significant inci-
ence and mortality rates. Although rising MICs to antifun-
als have been reported, these are yet to show a clear impact
n clinical outcomes. Careful ongoing systematic observations
re warranted alongside detailed work to better define burden
f infection in terms of both death and disability. 
The knowledge gaps identified through this systematic re-

iew open avenues for future research studies to elucidate
he genetic and molecular mechanisms underlying C . neofor-
ans and C . gattii infections. Understanding host-pathogen

nteractions, the role of host immune responses, and the im-
act of specific molecular characteristics on disease outcomes
an guide the development of targeted therapies and interven-
ions. Furthermore, the observed disparities in global distribu-
ion and prevalence among different regions and populations
mphasize the importance of region-specific surveillance and
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tailored public health strategies. By addressing these research 

gaps, the disease burden of cryptococcosis can be reduced, and 

the health outcomes of affected individuals across the globe 
can be improved. 
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