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Abstract: We analyzed data on pediatric invasive fungal diseases of the central nervous system
(CNS-IFDs) reported by five of a total of eight Pediatric Hematology-Oncology Departments in
Greece for 16 years (2007–2022). A total of twelve patients (11 boys, median age: 9.5 years, range:
2–16) were reported suffering from CNS-IFDs. The underlying malignancy was acute lymphoblastic
leukemia in 9/12 and acute myeloid leukemia, Ewing sarcoma, and rhabdomyosarcoma in one
each. Eleven patients presented with CNS-related symptoms (i.e., seizures, headache, cerebral palsy,
ataxia, hallucination, seizures, blurred vision, amaurosis). All patients had pathological MRI findings.
Multifocal fungal disease was observed in 6/12 patients. Nine proven and three probable CNS-IFD
cases were diagnosed. Causative pathogens in proven cases were Aspergillus spp. and Candida
albicans (n = 2 each), Mucor spp., Rhizopus arrhizus, Absidia spp., Fusarium oxysporum and Cryptococcus
neoformans (n = 1 each). Causative pathogens in probable cases were Aspergillus spp. (n = 2) and
Candida spp. (n = 1). All patients received appropriate antifungal therapy (median duration: 69.5 days,
range 19–364). Two patients underwent additional surgical treatment. Six patients were admitted to
the Intensive Care Unit due to complications. Three patients (25%) died, two due to IFD and one due
to an underlying disease. Early recognition and prompt intervention of CNS-IFDs may rescue the
patients and improve overall survival.

Keywords: central nervous system; invasive fungal infection; children; malignancies; outcome;
brain abscess

1. Introduction

Invasive fungal diseases (IFDs) of the central nervous system (CNS) pose significant
clinical challenges, especially in immunocompromised populations. The epidemiology of
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these infections is shifting, with a marked increase in both the incidence and the diversity
of the causative agents. A study on pediatric patients with CNS tumors reported a 4.6%
incidence of IFDs, predominantly caused by Candida species (90.9%) and Aspergillus spp.,
particularly in children undergoing chemotherapy or neurosurgery [1]. Filamentous fungi,
mostly Aspergillus spp. but also Fusarium spp. and Mucorales may affect the CNS in
children [2–7]. Clinical symptoms are often unusual or atypical and may even be absent in
a significant proportion of patients with IFDs of the CNS (CNS-IFDs), which makes early
diagnosis and prompt initiation of antifungal treatment difficult. Among the neurological
symptoms, hemi- or quadriplegia, seizures, headache, cerebral palsy, ataxia, hallucina-
tion, seizures, and blurred vision or amaurosis have been described [3,4,7,8]. Diagnosing
CNS-IFDs is particularly challenging due to nonspecific symptoms and the limitations of
imaging techniques. While MRI is the preferred imaging modality, it often lacks definitive
findings [6]. Laboratory diagnostics include cultures and serological assays, like 1,3-beta-
D-glucan in cerebrospinal fluid, that have an emerging role in detecting and monitoring
CNS-IFDs [9]. Effective management requires prompt antifungal therapy, with liposomal
amphotericin B and voriconazole being the common choices [6]. The treatment duration is
guided by clinical and radiological responses [6].

The emergence of antifungal resistance is particularly concerning with Candida species,
where strains exhibit varying susceptibility to commonly used antifungals such as flucona-
zole and voriconazole [10]. This resistance, coupled with the limited efficacy of current
antifungal therapies and their poor CNS penetration, significantly complicates treatment
strategies. Since the landscape of antifungal resistance in CNS infections is increasingly
complex, driven by the rise of immunocompromised populations and the limitations of
current antifungal therapies, there is an urgent need for novel antifungal agents and combi-
nation therapies to overcome the limitations of current treatments and effectively combat
antifungal resistance.

This study aims to present the data of pediatric CNS-IFD cases from eight Greek
pediatric Hematology-Oncology Departments during a 16-year period (2007–2022) that
were collected and analyzed by the Infection Working Group (IWG) of the Hellenic Society
of Pediatric Hematology-Oncology.

2. Patients and Methods

The study was retrospectively conducted in the eight pediatric Hematology-Oncology
Departments and Units in Greece. The units are the Department of Pediatric Hematology-
Oncology and the Pediatric Hematology-Oncology Unit of the First Department of Pedi-
atrics of the “Aghia Sophia” Children’s Hospital in Athens, the Oncology Department of
the “P. & A. Kyriakou” Children’s Hospital in Athens, the Pediatric and Adolescent Oncol-
ogy Clinic of “MITERA” Hospital in Athens, the Children and Adolescent Hematology-
Oncology Unit of the Second Department of Pediatrics in the AHEPA Hospital in Thessa-
loniki, the Department of Pediatric Oncology of the “Hippokration” Hospital in Thessa-
loniki, the Pediatric Hematology Oncology Department of the General University Hospital
of Heraklion in Crete, and the Stem Cell Transplant Unit of the “Aghia Sophia” Chil-
dren’s Hospital in Athens. In Greece, nearly 300 pediatric oncology patients between 0
and 14 years old are diagnosed each year, within a national population of approximately
11 million. The study consisted of the collection of clinical and laboratory data, clinical
courses, and outcomes of the CNS-IFD cases diagnosed in pediatric hematology-oncology
patients (0–16 years) for the period 2007–2022.

Pediatric patients receiving chemotherapy and/or radiotherapy for an underlying
malignancy were included in the study. The study eligibility criteria of proven or probable
fungal infection according to the European Organization for Research and Treatment of
Cancer/Mycosis Study Group (EORTC/MSG) were used [11]. According to these criteria,
proven CNS fungal infection was diagnosed by CNS imaging or a macroscopic autopsy
finding in conjunction with a positive microbiological result in the brain tissue or the
cerebrospinal fluid (CSF). Positive microbiological results included a positive culture, mi-
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croscopic evidence of hyphae, a positive galactomannan (GM) test, or a positive polymerase
chain reaction (PCR) for a fungus. Probable fungal infection was defined when compatible
CNS imaging findings were combined with proven or probable invasive fungal infections
at a site outside the CNS.

The sites of fungal infections were classified as localized when confined in CNS only
(isolated or disseminated in CNS) or multifocal when the infection was disseminated to
two or more non-contiguous locations/organs.

The outcome was defined as survival or death at the last contact of follow-up. Mortality
was assessed as all-cause mortality during the course of the fungal infection.

The medical records of the patients were thoroughly reviewed retrospectively in order
to extrapolate and report all appropriate information and data, including demographic
characteristics, type and stage of underlying malignant disease, potential risk factors (pro-
longed neutropenia, prior treatment with corticosteroids, type of chemotherapy, other
treatment modalities, hospitalization for more than 20 days, prior ICU stay, comorbidities),
clinical symptoms, site(s) of infection, radiological findings (brain and spine MRI), labora-
tory findings, treatment (antifungal drug therapy, previous prophylactic antifungal therapy,
surgery, duration of the treatment), outcome, and subsequent sequelae.

3. Results

During the study period, twelve cases of CNS-IFDs were recorded and reported from
five out of the eight Pediatric Hematology-Oncology Departments existing in Greece. There
were eleven males and one female with a median age of 9.5 years at the time of infection
(range: 2–16 years).

Acute lymphoblastic leukemia (ALL) was the primary underlying malignancy in nine
patients, whereas acute myeloid leukemia (AML), Ewing sarcoma, and rhabdomyosarcoma
in one patient each. Among the nine patients with ALL, one child suffered from relapsed
ALL post hematopoietic stem cell transplantation (HSCT) and one from refractory ALL.

All patients received intensive chemotherapy for their underlying malignancy accord-
ing to current international protocols: six patients were treated according to the ALLIC
BFM 2009, two according to the AIEOP-BFM ALL 2017, one based on the ALLIC REL
Guidance 2016, one based on the AML BFM 2004, one with iEuroEwing and one with the
RMS88 Protocol (Table 1).

Table 1. Demographic and clinical data, including predisposing factors.

Case Sex Age
(yrs.)

Underlying
Disease Protocol Disease Phase Neutropenia Hospitalization

> 20 d Chemo Cortisone Prophylaxis

1 M 16 Common B-ALL ALL-IC BFM 2009 Induction yes no yes yes yes
2 F 2 AML AML 2004 Refractory yes yes yes no yes
3 M 15 Relapsed ALL after

HSCT ALL-IC REL 2016 Induction yes yes yes yes yes
4 M 11 Refractory ALL ALL-IC BFM 2009 Refractory yes yes yes no yes
5 M 8 ALL ALL-IC BFM 2009 Induction yes yes yes yes yes
6 M 11.5 T-ALL AIEOP-BFM ALL 2017 Protocol IB1 + 2 long yes no yes yes no
7 M 15 T-ALL AIEOP-BFM ALL 2017 Protocol IB1 + 2 long yes no yes no yes
8 M 6.75 Sarcoma Ewing iEuroEwing Protocol R2 IEVC-IE yes no yes no no
9 M 5 B-ALL ALL-IC BFM 2009 Protocol M yes no yes yes no

10 M 2 B-ALL ALL-IC BFM 2009 Protocol I yes yes yes yes no
11 M 3.2 ALL ALL-cIC BFM 2009 Induction yes yes yes yes yes
12 M 11 RMS alveolar RMS88 Protocol Chemotherapy yes yes yes no no

Abbreviations: HSCT (hematopoietic stem cell transplantation), RMS (rhabdomyosarcoma).

Seven out of twelve patients (58.3%) had been hospitalized for more than 20 days.
Seven patients with ALL (58.3%) had received prolonged corticosteroid treatment, and all
presented with severe neutropenia with a neutrophil count <500 µL at the time of diagnosis.

Eleven (11/12) patients presented with one or more CNS-related symptoms: ten
patients presented with headache (in 4/10 as the only CNS-related presenting symptom),
four with seizures (in 1/4 as the only CNS-related presenting symptom), two each with
cerebral palsy or blurred/impaired vision, one each with ataxia or with hallucinations, and
six with various other symptoms such as hypotonia, coma or irritability.
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Abnormal MRI findings were found in all patients: brain abscess in four patients;
meningoencephalitis/meningitis in three patients; granuloma in one patient; sub-dense
brain lesions in four patients; edema of ethmoid cells, frontal sinuses, and frontal lobe
infiltration in one patient; and soft tissue in the visceral skull region and part of the frontal
sinus in one patient (Figure 1).
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Multifocal fungal infection was observed in six patients (50%). Concomitant lung
involvement was revealed in three cases, sinus involvement in four, and liver involve-
ment in one case. Disseminated disease was diagnosed in eight out of twelve patients
(66.7%). Neurological symptoms, MRI findings, and evidence of disease (proven, probable)
according to diagnostic tools are shown in Table 2.

Table 2. MRI findings and evidence of disease (proven, probable) according to diagnostic tools.

Case Neuro-
Symptoms

MRI
Findings

Multifocal
IFD

Proven/Probable
IFD Biopsy/CSF Culture PCR Biomarkers Pathogens

1 yes yes yes proven yes no yes - Aspergillus spp.
2 yes yes no proven yes yes no no Absidia spp.
3 yes yes yes probable no no no yes Candida spp.
4 yes yes yes probable no no yes yes Aspergillus spp.
5 yes yes yes proven yes yes no no Mucor spp.
6 no yes no proven yes - - - Candida albicans
7 yes yes yes proven yes yes - - Fusarium oxysporum
8 yes yes no proven yes yes - - Candida albicans
9 yes yes no proven yes no yes - Cryptococcus neoformans
10 yes yes no probable no no no yes Aspergillus spp.
11 yes yes yes proven yes no - - Rhizopus arrhizus
12 yes yes no proven yes - - - Aspergillus spp.

Nine proven CNS-IFDs and three probable cases were diagnosed (Table 3). Proven
IFD was documented by histology or culture in all nine patients. Causative pathogens
in proven cases included three Mucorales, two Aspergillus spp., two Candida albicans, one
Fusarium oxysporum, and one Cryptococcus neoformans. Causative pathogens in probable
cases included two Aspergillus spp., with positive serum galactomannan test in both cases,
and one Candida spp. with elevated serum 1,3-beta-D-glucan levels.
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Table 3. Pathogens isolated from the cases. A: proven; B: probable.

A. Proven Pathogens No

Aspergillus spp. 2

Mucor spp. 1

Rhizopus arrhizus 1

Absidia spp. 1

Fusarium oxysporum 1

Candida albicans 2

Cryptococcus neoformans 1

B. Probable Pathogens No

Aspergillus spp. 2

Candida spp. 1

Nine patients (75%) had received antifungal prophylaxis before the diagnosis of
CNS IFD. The majority of patients underwent antifungal prophylaxis with fluconazole
or micafungin (8/9 patients). All patients received appropriate therapy according to the
isolated pathogen; the mean duration of therapy was 130 days (median: 69.5 days, range:
19–364 days). Antifungal therapy included liposomal amphotericin B (LAmB) at doses
varying between 3–10 mg/kg/day in all patients (12/12) alone or combined with other
antifungal agents. Liposomal amphotericin B alone was given in three out of twelve
patients (two with Aspergillus spp. and one with Cryptococcus neoformans). Combined
antifungal therapy was administered to nine patients, and the most common combinations
were LAmB plus voriconazole (six patients) and LAmB plus posaconazole (two patients).
Two patients underwent additional surgical treatment. Six cases were complicated and
required ICU admission. Three of the twelve patients (25%) died, two patients due to IFD
(16.7%) and one due to underlying disease.

4. Discussion

Invasive mycoses of the CNS are severe forms of infections associated with significant
morbidity and mortality [3–7]. The frequency of IFDs has seen a notable increase over the
last decades, but there is still a scarcity of epidemiological data concerning CNS-IFDs in
pediatric populations [3]. Although there are newer diagnostic tools and antifungal agents
for treatment, CNS-IFDs are still difficult to diagnose and treat promptly and successfully.
In a multicenter retrospective study of pediatric patients with cancer, Cesaro et al. reported
an incidence of 3.3% of CNS-IFDs [12]. In another prospective surveillance study focusing
on adults, 14.1% of patients with hematological malignancies were diagnosed with invasive
mold infections (IMD) affecting the CNS [5].

Numerous risk factors for IFDs among pediatric patients with hemato-oncological
diseases have been identified in a recent systematic review by Fisher et al. [13]. These
include underlying diseases such as AML, high-risk ALL or relapsed leukemia, prolonged
and high-dose corticosteroid use, prolonged and profound neutropenia, comorbidities,
and advanced age. In our patient cohort, out of the twelve individuals diagnosed with
CNS-IFDs, ten had acute leukemia, with nine having ALL and one having AML. Among
the ALL cases, two patients suffered from relapsed or refractory disease. While patients
with ALL generally have a lower risk of IFDs compared to those with AML or leukemia
relapse, ALL still represents the largest group of patients at risk for IFDs [14]. Moreover,
in our patient cohort, all cases of CNS-IFDs occurred during intensive chemotherapy
phases of treatment, characterized by profound neutropenia (mean absolute neutrophil
count <500/µL). Prolonged corticosteroid treatment was also observed in seven out of
twelve patients.
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Aspergillus species were found to be the most frequently identified fungi in our co-
hort (two proven and two probable cases), with other rare molds, especially Mucorales,
following in frequency (all proven cases). In general, molds were by far the most fre-
quent pathogens causing CNS-IFDs compared to yeasts (eight vs. four cases). Invasive
mold infections mainly affect the lungs but may also occur in other sites, such as the liver,
kidney, bones, or the CNS. Involvement of the CNS represents an especially severe form
of fungal infection, posing challenges not only in diagnosis but also in treatment. The
significant occurrence of CNS involvement in pulmonary mold infections has led to the
recommendation in the most recent European Conference on Infections in Leukemia (ECIL)
guidelines to contemplate CNS imaging in patients with pulmonary mold infection, even
in the absence of neurological symptoms [11]. In our study, lung involvement was revealed
in three cases, liver involvement in one, and sinus involvement in four. This observation
corroborates the etiopathogenic hypothesis that IFDs affecting the CNS could stem from
the hematogenous dissemination of an infection originating from another primary site,
primarily the lung [4,15]. In a report from the Israeli Study Group of Childhood Leukemia,
59% of patients with mucormycosis presented with a rhinocerebral pattern of infection,
with eight of them showing adjacent spread to the CNS [16].

In our series of CNS-IFDs, eleven out of the twelve patients exhibited symptoms related
to the CNS, with headache being the most prominent among them (83.3%, 10/12 patients),
followed by seizures in 30%. In four patients, headache was the only presenting CNS-
related symptom, while seizures were present in one patient. Nevertheless, symptoms may
be non-specific and encompass a range of focal and non-focal neurological manifestations.
Additionally, the percentage of symptomatic patients and the type of symptoms may vary
in studies due to differences in registries. In our cohort, one patient had no CNS-related
symptoms but abnormal brain MRI findings. Indeed, it is intriguing to note that almost
one-third of children with CNS invasive mold infections were neurologically asymptomatic
in a study involving 29 children, and CNS involvement was detected through diagnostic
evaluations for pulmonary or liver fungal infections or incidentally during routine CNS
imaging [8]. This highlights the importance of CNS imaging in patients with proven or
probable mold infection outside the CNS. In a retrospective study of 19 pediatric patients
with proven or probable CNS-IMD, fungal abscesses and parenchymal inflammation
(cerebritis) were the most frequently observed features [7]. In our cohort of patients,
abscesses were revealed in 4 patients, while meningoencephalitis/meningitis was found in
three patients. The edema of ethmoid cells, frontal sinuses, and frontal lobe infiltration in
one patient, and soft tissue in the visceral skull region and part of the frontal sinus in one
patient, reveals the initial mucosal inflammation and angio-invasive nature of the fungus
leading to direct extension through vascular invasion. Nevertheless, a definitive diagnosis
of CNS-IFDs entails cultures obtained through sterile procedures and/or histopathological,
cytopathological, or direct microscopic evaluations [4,17]. Proven IFD was documented
by histology or culture in all nine patients of our cohort. Several non-culture-based assays
have been developed as adjunctive diagnostic tools; the ECIL guidelines recommend GM
evaluation in the CSF in immunocompromised patients with suspected CNS invasive mold
disease, with a proposed threshold of 1.0 [18]. However, it is crucial to interpret the test
results carefully, as there are limitations, such as poor positive predictive values. Since data
on molecular assays are limited and heterogeneous in the pediatric setting, the current ECIL
guidelines have not included molecular testing-specific recommendations for children [18].

Initiating effective antifungal treatment promptly remains essential for the therapeutic
management of CNS-IFDs. Recent pediatric guidelines suggest voriconazole as the pre-
ferred treatment for invasive aspergillosis (A-It) and LAmB as an alternative in case of
suspected or confirmed azole resistance (B-It) [18]. It is important to mention that voricona-
zole is not approved for children under two years old, and therapeutic drug monitoring
is highly recommended to maintain serum levels >1–2 mg/L [17,18]. LAmB, on the other
hand, is approved for children of all ages. The most used therapeutic agents in our series
were LAmB, followed by voriconazole. Interestingly, all our patients received LAmB alone
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or combined with other antifungal treatments. The concurrent utilization of combined
antifungal therapy lacks clinical endorsement or support from existing guidelines but is
widely used when management reasoning eclipses evidence-based medicine [18]. There-
fore, in numerous cases, including ours, multidrug treatment was administered due to
clinicians’ concerns regarding systemic dissemination and the significant morbidity as-
sociated with IFDs, which may also lead to delays in chemotherapy. Despite the poor
penetration through the blood-brain barrier due to their high molecular mass and protein
binding, echinocandins were used in combination with LAmB in two patients with Candida
albicans [19]. Despite micafungin not being detectable in the CSF, therapeutically effective
levels of micafungin in brain tissue of rabbits could be achieved during tissue inflamma-
tion and/or necrosis, as demonstrated by the successful clearance of C. albicans from the
CNS [20,21].

From a therapeutic perspective, our study reaffirms that surgical intervention has been
employed in a minority of cases (two patients with mucormycosis and one with fusariosis).
A multidisciplinary approach, including surgical intervention, is an important pillar for
the successful management of disseminated mucormycosis and should be deliberated
on a case-by-case basis [3,22]. In children with CNS mucormycosis, high-dose LAMB
(5–10 mg/kg) is the treatment of choice.

Twenty-five percent of the patients died in our cohort, including one patient who
died from an underlying hematological disease. It is important to acknowledge that
rates may vary across different studies, influenced by factors such as underlying disease,
phase of anticancer treatment, or patient characteristics [2,23,24]. In addition to prompt
initiation of effective antifungal treatment for IFDs, guidelines advocate for the management
of predisposing conditions in both adults and children, such as severe neutropenia or
immunosuppressive treatment [17,18].

We acknowledge various limitations in our study, such as the lack of standardized
procedures in diagnostics and management strategies during the last 16 years at different
centers. However, this variability highlights the need for optimization of antifungal therapy
in children with hemato-oncological malignancies worldwide. Variations between centers
in both the initiation and duration of antifungal therapy underscores an important research
gap. However, it is worth emphasizing that our study offers valuable insights into the
epidemiology and outcomes of CNS-IFDs in children, and it is the first study addressing
this field. Our analysis possesses distinctive and significant strengths. We included only
patients with proven and probable CNS-IFDs, and we provided information about the use
of antifungal prophylaxis.

CNS-IFDs should be suspected even in the absence of neurological signs, as described
in one patient of our cohort, and we suggest performing a routine diagnostic evaluation in
suspected immunocompromised children. Our study presents the first nationwide cohort
focused on CNS-IFDs. Although it is confirmatory of previous findings, we mentioned
that mold cases were twice as common as yeast cases and that only two patients died due
to CNS-IFDs.

Despite promising advancements in understanding and treating CNS IFDs in children,
significant challenges persist in diagnosis and management, highlighting the need for con-
tinued research and development in this crucial area. Several novel antifungals are in the
pipeline at various clinical stages, but translating clinical study results into practice remains
challenging. In the interim, dedicated antifungal stewardship programs for immunocom-
promised children with hemato-oncological diseases are essential to optimize therapeutic
outcomes, enhance patient care, and minimize the emergence of fungal resistance.

Author Contributions: L.P.: conceptualization, data acquisition, analysis and interpretation, writing,
review and editing; M.K.: writing, review and editing; K.A.; data acquisition, analysis and interpre-
tation and writing; K.A., T.-S.T., A.-E.S., V.A., S.S., G.A., M.F., E.P., E.H., A.K. and V.P.: contributed
patients’ clinical data; S.P. and D.D.: contributed patients’ clinical data and review; E.R.: supervision,
review, editing; A.T.: conceptualization, supervision, project administration, review, and editing. All
authors have read and agreed to the published version of the manuscript.



J. Fungi 2024, 10, 654 8 of 9

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approval for the study was received from the Ethical Review Board of the Aristotle
University of Thesssaloniki, Greece (57393/10 June 2016).

Informed Consent Statement: The authors confirm that the ethical policies of the journal have
been adhered to. Informed consent was obtained from legal guardians of participants at the time of
malignancy diagnosis for the use of patients’ data in future studies.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy and ethical restrictions.

Acknowledgments: We are deeply grateful to physicians, nurses, and other staff of the Departments
of Pediatric Hematology-Oncology in Greece for their dedicated care of the patients.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Dassi, N.; Cappellano, A.M.; da Silva, A.; da Silva, N.S.; Carlesse, F. Invasive fungal infections in pediatric patients with central

nervous system tumors: Novel insights for prophylactic treatments? Front. Oncol. 2023, 13, 1248082. [CrossRef] [PubMed]
[PubMed Central]

2. Castagnola, E.; Cesaro, S.; Giacchino, M.; Livadiotti, S.; Tucci, F.; Zanazzo, G.; Caselli, D.; Caviglia, I.; Parodi, S.; Rondelli, R.; et al.
Fungal infections in children with cancer: A prospective, multicenter surveillance study. Pediatr. Infect. Dis. J. 2006, 25, 634–639.
[CrossRef] [PubMed]

3. Luckowitsch, M.; Rudolph, H.; Bochennek, K.; Porto, L.; Lehrnbecher, T. Central Nervous System Mold Infections in Children
with Hematological Malignancies: Advances in Diagnosis and Treatment. J. Fungi 2021, 7, 168. [CrossRef] [PubMed] [PubMed
Central]

4. Schwartz, S.; Kontoyiannis, D.P.; Harrison, T.; Ruhnke, M. Advances in the diagnosis and treatment of fungal infections of the
CNS. Lancet Neurol. 2018, 17, 362–372. [CrossRef] [PubMed]

5. Montagna, M.T.; Lovero, G.; Coretti, C.; Martinelli, D.; Delia, M.; De Giglio, O.; Caira, M.; Puntillo, F.; D’Antonio, D.; Venditti, M.;
et al. SIMIFF study: Italian fungal registry of mold infections in hematological and non-hematological patients. Infection 2014, 42,
141–151. [CrossRef] [PubMed] [PubMed Central]

6. Pana, Z.D.; Groll, A.H.; Lehrnbecher, T. An Update on the Diagnosis and Treatment of Invasive Mold Disease of the Central
Nervous System in Children. Pediatr. Infect. Dis. J. 2023, 42, e119–e121. [CrossRef] [PubMed]

7. Porto, L.; You, S.J.; Attarbaschi, A.; Cario, G.; Döring, M.; Moser, O.; Mücke, U.; Poyer, F.; Temme, C.; Voigt, S.; et al. Invasive
Mold Infection of the Central Nervous System in Immunocompromised Children. J. Fungi 2020, 6, 226. [CrossRef] [PubMed]
[PubMed Central]

8. Lauten, M.; Attarbaschi, A.; Cario, G.; Döring, M.; Moser, O.; Mücke, U.; Poyer, F.; Rieken, S.; Temme, C.; Voigt, S.; et al. Invasive
mold disease of the central nervous system in children and adolescents with cancer or undergoing hematopoietic stem cell
transplantation: Analysis of 29 contemporary patients. Pediatr. Blood Cancer 2019, 66, e27806. [CrossRef] [PubMed]

9. Walsh, T.J.; Zhang, S.X. Emerging Roles of (1→3)-β-D-Glucan in Cerebrospinal Fluid for Detection and Therapeutic Monitoring
of Invasive Fungal Diseases of the Central Nervous System. Clin. Infect. Dis. 2024, 78, 11–14. [CrossRef] [PubMed]

10. Reguera-Gomez, M.; Dores, M.R.; Martinez, L.R. Innovative and potential treatments for fungal central nervous system infections.
Curr. Opin. Microbiol. 2023, 76, 102397. [CrossRef] [PubMed]

11. Donnelly, J.P.; Chen, S.C.; Kauffman, C.A.; Steinbach, W.J.; Baddley, J.W.; Verweij, P.E.; Clancy, C.J.; Wingard, J.R.; Lockhart, S.R.;
Groll, A.H.; et al. Revision and Update of the Consensus Definitions of Invasive Fungal Disease from the European Organization
for Research and Treatment of Cancer and the Mycoses Study Group Education and Research Consortium. Clin. Infect. Dis. 2020,
71, 1367–1376. [CrossRef] [PubMed] [PubMed Central]

12. Cesaro, S.; Tridello, G.; Castagnola, E.; Calore, E.; Carraro, F.; Mariotti, I.; Colombini, A.; Perruccio, K.; Decembrino, N.; Russo, G.;
et al. Retrospective study on the incidence and outcome of proven and probable invasive fungal infections in high-risk pediatric
onco-hematological patients. Eur. J. Haematol. 2017, 99, 240–248. [CrossRef] [PubMed]

13. Fisher, B.T.; Robinson, P.D.; Lehrnbecher, T.; Steinbach, W.J.; Zaoutis, T.E.; Phillips, B.; Sung, L. Risk Factors for Invasive Fungal
Disease in Pediatric Cancer and Hematopoietic Stem Cell Transplantation: A Systematic Review. J. Pediatr. Infect. Dis. Soc. 2018, 7,
191–198. [CrossRef] [PubMed]

14. Lehrnbecher, T.; Schöning, S.; Poyer, F.; Georg, J.; Becker, A.; Gordon, K.; Attarbaschi, A.; Groll, A.H. Incidence and Out-
come of Invasive Fungal Diseases in Children With Hematological Malignancies and/or Allogeneic Hematopoietic Stem Cell
Transplantation: Results of a Prospective Multicenter Study. Front. Microbiol. 2019, 10, 681. [CrossRef] [PubMed] [PubMed
Central]

https://doi.org/10.3389/fonc.2023.1248082
https://www.ncbi.nlm.nih.gov/pubmed/37965468
https://www.ncbi.nlm.nih.gov/pmc/PMC10641464
https://doi.org/10.1097/01.inf.0000220256.69385.2e
https://www.ncbi.nlm.nih.gov/pubmed/16804435
https://doi.org/10.3390/jof7030168
https://www.ncbi.nlm.nih.gov/pubmed/33652605
https://www.ncbi.nlm.nih.gov/pmc/PMC7996787
https://www.ncbi.nlm.nih.gov/pmc/PMC7996787
https://doi.org/10.1016/S1474-4422(18)30030-9
https://www.ncbi.nlm.nih.gov/pubmed/29477506
https://doi.org/10.1007/s15010-013-0539-3
https://www.ncbi.nlm.nih.gov/pubmed/24150958
https://www.ncbi.nlm.nih.gov/pmc/PMC3906525
https://doi.org/10.1097/INF.0000000000003780
https://www.ncbi.nlm.nih.gov/pubmed/36730048
https://doi.org/10.3390/jof6040226
https://www.ncbi.nlm.nih.gov/pubmed/33081142
https://www.ncbi.nlm.nih.gov/pmc/PMC7711511
https://doi.org/10.1002/pbc.27806
https://www.ncbi.nlm.nih.gov/pubmed/31066209
https://doi.org/10.1093/cid/ciad520
https://www.ncbi.nlm.nih.gov/pubmed/37650506
https://doi.org/10.1016/j.mib.2023.102397
https://www.ncbi.nlm.nih.gov/pubmed/37898052
https://doi.org/10.1093/cid/ciz1008
https://www.ncbi.nlm.nih.gov/pubmed/31802125
https://www.ncbi.nlm.nih.gov/pmc/PMC7486838
https://doi.org/10.1111/ejh.12910
https://www.ncbi.nlm.nih.gov/pubmed/28556426
https://doi.org/10.1093/jpids/pix030
https://www.ncbi.nlm.nih.gov/pubmed/28549148
https://doi.org/10.3389/fmicb.2019.00681
https://www.ncbi.nlm.nih.gov/pubmed/31040830
https://www.ncbi.nlm.nih.gov/pmc/PMC6476895
https://www.ncbi.nlm.nih.gov/pmc/PMC6476895


J. Fungi 2024, 10, 654 9 of 9

15. Candoni, A.; Klimko, N.; Busca, A.; Di Blasi, R.; Shadrivova, O.; Cesaro, S.; Zannier, M.E.; Verga, L.; Forghieri, F.; Calore, E.; et al.
Fungal infections of the central nervous system and paranasal sinuses in onco-haematologic patients. Epidemiological study
reporting the diagnostic-therapeutic approach and outcome in 89 cases. Mycoses 2019, 62, 252–260. [CrossRef] [PubMed]

16. Elitzur, S.; Arad-Cohen, N.; Barg, A.; Litichever, N.; Bielorai, B.; Elhasid, R.; Fischer, S.; Fruchtman, Y.; Gilad, G.; Kapelushnik, J.;
et al. Mucormycosis in children with haematological malignancies is a salvageable disease: A report from the Israeli Study Group
of Childhood Leukemia. Br. J. Haematol. 2020, 189, 339–350. [CrossRef] [PubMed]

17. Warris, A.; Lehrnbecher, T.; Roilides, E.; Castagnola, E.; Brüggemann, R.J.M.; Groll, A.H. ESCMID-ECMM guideline: Diagnosis
and management of invasive aspergillosis in neonates and children. Clin. Microbiol. Infect. 2019, 25, 1096–1113. [CrossRef]
[PubMed]

18. Groll, A.H.; Pana, D.; Lanternier, F.; Mesini, A.; Ammann, R.A.; Averbuch, D.; Castagnola, E.; Cesaro, S.; Engelhard, D.; Garcia-
Vidal, C.; et al. 8th European Conference on Infections in Leukaemia: 2020 guidelines for the diagnosis, prevention, and treatment
of invasive fungal diseases in paediatric patients with cancer or post-haematopoietic cell transplantation. Lancet Oncol. 2021, 22,
e254–e269. [CrossRef] [PubMed]

19. Nau, R.; Sörgel, F.; Eiffert, H. Penetration of drugs through the blood-cerebrospinal fluid/blood-brain barrier for treatment of
central nervous system infections. Clin. Microbiol. Rev. 2010, 23, 858–883. [CrossRef] [PubMed] [PubMed Central]

20. Hope, W.W.; Mickiene, D.; Petraitis, V.; Petraitiene, R.; Kelaher, A.M.; Hughes, J.E.; Cotton, M.P.; Bacher, J.; Keirns, J.J.; Buell, D.;
et al. The pharmacokinetics and pharmacodynamics of micafungin in experimental hematogenous Candida meningoencephalitis:
Implications for echinocandin therapy in neonates. J. Infect. Dis. 2008, 197, 163–171. [CrossRef] [PubMed] [PubMed Central]

21. Groll, A.H.; Mickiene, D.; Petraitis, V.; Petraitiene, R.; Ibrahim, K.H.; Piscitelli, S.C.; Bekersky, I.; Walsh, T.J. Compartmental
pharmacokinetics and tissue distribution of the antifungal echinocandin lipopeptide micafungin (FK463) in rabbits. Antimicrob.
Agents Chemother. 2001, 45, 3322–3327. [CrossRef] [PubMed] [PubMed Central]

22. Jensen, T.S.R.; Arendrup, M.C.; von Buchvald, C.; Frandsen, T.L.; Juhler, M.; Nygaard, U. Successful Treatment of Rhino-Orbital-
Cerebral Mucormycosis in a Child With Leukemia. J. Pediatr. Hematol./Oncol. 2017, 39, e211–e215. [CrossRef] [PubMed]

23. Dotis, J.; Iosifidis, E.; Roilides, E. Central nervous system aspergillosis in children: A systematic review of reported cases. Int. J.
Infect. Dis. 2007, 11, 381–393. [CrossRef] [PubMed]

24. Mattiuzzi, G.; Giles, F.J. Management of intracranial fungal infections in patients with haematological malignancies. Br. J.
Haematol. 2005, 131, 287–300. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/myc.12884
https://www.ncbi.nlm.nih.gov/pubmed/30565742
https://doi.org/10.1111/bjh.16329
https://www.ncbi.nlm.nih.gov/pubmed/31885080
https://doi.org/10.1016/j.cmi.2019.05.019
https://www.ncbi.nlm.nih.gov/pubmed/31158517
https://doi.org/10.1016/S1470-2045(20)30723-3
https://www.ncbi.nlm.nih.gov/pubmed/33811813
https://doi.org/10.1128/CMR.00007-10
https://www.ncbi.nlm.nih.gov/pubmed/20930076
https://www.ncbi.nlm.nih.gov/pmc/PMC2952976
https://doi.org/10.1086/524063
https://www.ncbi.nlm.nih.gov/pubmed/18171300
https://www.ncbi.nlm.nih.gov/pmc/PMC2732769
https://doi.org/10.1128/AAC.45.12.3322-3327.2001
https://www.ncbi.nlm.nih.gov/pubmed/11709303
https://www.ncbi.nlm.nih.gov/pmc/PMC90832
https://doi.org/10.1097/MPH.0000000000000701
https://www.ncbi.nlm.nih.gov/pubmed/27841827
https://doi.org/10.1016/j.ijid.2007.01.013
https://www.ncbi.nlm.nih.gov/pubmed/17509921
https://doi.org/10.1111/j.1365-2141.2005.05749.x
https://www.ncbi.nlm.nih.gov/pubmed/16225648

	Introduction 
	Patients and Methods 
	Results 
	Discussion 
	References

