Journal of

Fungi
Review

Advances in the Treatment of Mycoses in
Pediatric Patients
Elias Iosifidis, Savvas Papachristou and Emmanuel Roilides *
Infectious Diseases Unit, 3rd Department of Pediatrics, Faculty of Medicine,
Aristotle University School of Health Sciences, Konstantinoupoleos 49, 54642 Thessaloniki, Greece;
iosifidish@gmail.com (E.I.); savvas.gpap@gmail.com (S.P.)
* Correspondence: roilides@med.auth.gr; Tel.: +30-2310892444
Received: 18 September 2018; Accepted: 7 October 2018; Published: 11 October 2018




Abstract: The main indications for antifungal drug administration in pediatrics are reviewed as
well as an update of the data of antifungal agents and antifungal policies performed. Specifically,
antifungal therapy in three main areas is updated as follows: (a) Prophylaxis of premature neonates
against invasive candidiasis; (b) management of candidemia and meningoencephalitis in neonates;
and (c) prophylaxis, empiric therapy, and targeted antifungal therapy in children with primary or
secondary immunodeficiencies. Fluconazole remains the most frequent antifungal prophylactic
agent given to high-risk neonates and children. However, the emergence of fluconazole resistance,
particularly in non-albicans Candida species, should be considered during preventive or empiric
therapy. In very-low birth-weight neonates, although fluconazole is used as antifungal prophylaxis
in neonatal intensive care units (NICU’s) with relatively high incidence of invasive candidiasis (IC),
its role is under continuous debate. Amphotericin B, primarily in its liposomal formulation, remains
the mainstay of therapy for treating neonatal and pediatric yeast and mold infections. Voriconazole is
indicated for mold infections except for mucormycosis in children >2 years. Newer triazoles-such
as posaconazole and isavuconazole-as well as echinocandins, are either licensed or under study for
first-line or salvage therapy, whereas combination therapy is kept for refractory cases.
Keywords: invasive fungal infections; neonates; antifungal agents; children

1. Introduction
Invasive fungal infections (IFIs) are important causes of excessive morbidity and mortality in
pediatrics. Candida spp. and Aspergillus spp. are the most common fungi causing IFIs in neonates,
infants, children, and adolescents. Mucorales, Cryptococcus neoformans, and other fungi are less frequent
causes [1]. The incidence of IFIs in various countries and hospitals depends on many factors; however,
the degree of exposure to fungal elements and the predisposition of the host to develop IFI are the two
main determinants of the fungal epidemiology in particular patient populations.
There are various factors that can increase the risk for developing an IFI in pediatrics. Premature
birth and very-low-birth weight (VLBW) have been recognized as an important factor for increased
IFIs, especially for invasive candidiasis (IC) in neonatal age. For older infants and children, primary
or especially secondary immunodeficiencies are main underlying conditions predisposing to IFIs.
Secondary immunodeficiencies are those resulted from cancer-related chemotherapy, stem cell or organ
transplantation, and administration of various immunosuppressive agents. Other risk factors are the
existence of foreign bodies, and most frequently central catheters predisposing to biofilm development,
and overuse of broad-spectrum antibiotics, resulting in antibiotic-induced modified microbiota.
Specific characteristics of neonates and young children are extremely relevant to antifungal drug
therapy—such as pharmacokinetics, drug metabolism, age-dependent adverse effects, route of drug
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administration, and limited clinical data. The impact of these pediatric factors has been recognized as
a major issue during development of pediatric guidelines of IFI management [2].
In this article, the main indications for antifungal drug administration in pediatrics will be
reviewed as well as an update of the data of antifungal agents as well as antifungal policies will be
performed. Specifically, antifungal therapy in three main areas will be updated as follows:
(a)
(b)
(c)

Prophylaxis of premature neonates against invasive candidiasis;
management of candidemia and meningoencephalitis in neonates; and
prophylaxis, empiric therapy, and targeted antifungal therapy in children with primary or
secondary immunodeficiencies.
Doses and indications of antifungal agents in pediatrics are summarized in Table 1.
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Table 1. Antifungal drugs in pediatric patients.
Drug
AMB
formulations

Route

Dosage

DAMB

IV

• 1 mg/kg/d

LAMB

ABLC

Indications for Use

References

• Treatment of IFIs in NICU

[3–5]

• 2.5–7 or 3–5 mg/kg/d

• CNS and disseminated cryptococcal disease (combined with 5FC)
• Treatment of IC in neonates

[6,7]
[3,4]

• No dosage established

• Treatment of HCME in neonates

[8,9]

• 1–3 mg/kg/d

• Empiric fever-driven therapy in hemato-oncological patients at high risk for
invasive fungal disease with neutropenia and refractory or new fever of at least
4 days, despite broad-spectrum antibacterial therapy

[10,11]

• 3 mg/kg/d

• Empiric treatment in patients with refractory or new fever episode in the PICU,
despite broad-spectrum empirical antibacterial therapy, who are at high risk for
Candida infection with moderate-to-severe disease, hemodynamic instability,
recent azole exposure, or at high risk for C. glabrata or C. krusei infections

[4,12]

• 3–5 mg/kg/d

• First-line treatment of IFIs (IA, IC) in pediatrics

[3,4,10]

• ≥5 mg/kg

• First-line treatment of mucormycosis

[13,14]

• 5 mg/kg/d

• Candida meningitis and endocarditis (combined with 5FC)

[15]

• 5 mg/kg/d

[6,7]

• No dosage established

• Second-line treatment of CNS and disseminated cryptococcal disease
(AMB-intolerant patients)
• Treatment of IC in neonates

• 5 mg/kg/d

• Treatment of IFIs (IA, IC) in pediatrics

[13]

• 5 mg/kg/d

• Treatment for: Blastomycosis, coccidioidomycosis, histoplasmosis,
endemic mycoses

[13,14]

• 5 mg/kg/d

• Second-line treatment of CNS and disseminated cryptococcal disease
(AMB-intolerant patients)

[6,7]

IV

IV

[16]
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Table 1. Cont.
Drug
Azoles

Route

Dosage

Indications for Use

References

IV, PO

• 3, 4, or 6 mg/kg twice weekly

• Prophylaxis against IC in <1000 gr preterm neonates in NICUs with incidence
of IC >10%

[4,17]

IV

• 25 mg/kg loading dose, followed
by 12 mg/kg/d

• Treatment of IC in neonates (according to local epidemiology)

[3,4]

• 6–12 mg/kg/d

• Antifungal prophylaxis in high-risk, immunocompromised pediatric patients
(not active against molds)

[18–24]

• 6-12 mg/kg/d

• Anti-Candida prophylaxis in patients with primary immunodeficiencies at high
risk for IFIs or presenting as chronic fungal infections

[25–28]

• 10–12 mg/kg/d

• Maintenance treatment of CNS and disseminated cryptococcal disease

[6,7]

• 6–12 mg/kg

• Treatment of Cryptococcal pneumonia

[6,7]

• 12 mg/kg/d

• Treatment of IC provided that: It is caused by fluconazole-susceptible
organisms, the patient is in stable condition, and has not received prior
azole therapy
• Antifungal prophylaxis in high-risk, immunocompromised pediatric patients
(anti-mold activity)

[3,10,12]

• Anti-Aspergillus prophylaxis in patients with primary immunodeficiencies at
high risk for IFIs or presenting as chronic fungal infections
• Antifungal prophylaxis in pediatric patients with allogeneic HSCT
(anti-mold activity)

[25–28]

PO
FLC

IV, PO

• 200 mg b.i.d.
ITC

VRC

PO

• 200 mg b.i.d.

[29,30]

IV
PO

• 8 mg/kg b.i.d.
• 9 mg/kg b.i.d.

IV, PO

• Same as above

• Anti-Aspergillus prophylaxis in patients with primary immunodeficiencies at
high risk for IFIs or presenting as chronic fungal infections

[25–28]

IV

• Children 2-11 years: loading
9 mg/kg/dose x 2, followed by
maintenance 8 mg/kg/dose x2,
with pos 9 mg/kg/dose x2
Children <2 years: higher voriconazole
dosages or doses given every 8 h

• First-line therapy for IA

[10,32]

IV

• Same as above

• Treatment for: Scedosporiosis, fusariosis (cases of intolerance of or
refractoriness to conventional antifungal therapy)

[10,33,34]

[10,31]
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Table 1. Cont.
Drug

Route

Dosage
• 600 mg/d, (given in 3 doses)

Indications for Use
• Antifungal prophylaxis for hematological/oncological patients with acute
myeloid leukemia, myelodysplastic syndromes, GVHD or in patients undergoing
HSCT, in whom a long neutropenic period due to chemotherapy is expected

References
[12,13,35]

• 600 mg/d, (given in 3 doses)

• Antifungal prophylaxis in primary immunodeficiencies (including CGD)

[36,37]

• Treatment for: Scedosporiosis, fusariosis

[10]

• Second line treatment for mucormycosis

[10]

• Antifungal prophylaxis in HSCT pediatric patients

[38]

• Antifungal prophylaxis in primary immunodeficiencies (including CGD)

[39]

• Treatment for: Scedosporiosis, fusariosis

[10]

PO
(susp.)

• 800 mg/d in 2–4 divided doses
PSC

PO
(tabl.)

• Children ≥13 years old:
300 mg/d, q.d.
Children <13 years: dose
not established

• Second-line treatment for mucormycosis
IV

• No dosage established

• PK is being studied in age group 1–18 years

PO

• No dosage established

• PK is being studied in age group 6–18 years

[ClinicalTrials.
gov
NCT03241550]

• 4–10 mg/kg/d

• Second-line treatment of IC in neonates

[40–43]

• 7–10 mg/kg/d

• Second-line treatment of HCME in neonates

[44–46]

• Shunt lock therapy in shunt-associated Candida CNS infections (combined
with systemic treatment)

[47]

• 2 mg/kg/d

• Antifungal prophylaxis in allogeneic HSCT pediatric patients

[48,49]

• 3 mg/kg/d (median dose)

• Alternative treatment choice in pediatric patients with FN

[50]

• 2–4 mg/kg

• Targeted therapy of IC

[3,10]

ISA
Echinocandins
IV

MFG

Lock
Therapy

IV
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Table 1. Cont.
Drug
Echinocandins

Route

IV
CAS

Dosage

Indications for Use

References

• 25 mg/m2 , q.d.

• Treatment of IC in neonates and infants <3 months (limited data)

[51–53]

• 50 mg/m2 /d

• Antifungal prophylaxis in HSCT pediatric patients

[54–56]

• 70 mg/m2 /d loading dose,
followed by 50 mg/m2 /d

• Empiric fever-driven therapy in hemato-oncological patients at high risk for
invasive fungal disease with neutropenia and refractory or new fever of at least
4 days, despite broad-spectrum antibacterial therapy

[10,11]

• Same as above

• Second-line therapy of IA
• Primary targeted therapy of IC (in Europe)

[3,10]

• Not yet licensed for patients <18 years

[3,4,10]

IV

• 3 mg/kg loading dose, followed by
1.5 mg/kg/d

Nystatin

PO

• 100,000 u (1 mL)

Probiotics

PO

• No dosage established

AFG
Others

• Second-line choice for antifungal prophylaxis in neonates, in cases of:
Fluconazole shortages or resistance
• Prevention of Candida colonization in neonates (unclear efficacy)

[4]
[57–61]

AMB, Amphotericin B; DAMB, Deoxycholate amphotericin B; IFI, Invasive fungal infection; NICU, Neonatal intensive care unit; 5FC, flucytosine; LAMB, Liposomal amphotericin
B; IC, Invasive candidiasis; HCME, Hematogenous Candida meningoencephalitis; PICU, Pediatric intensive care unit; IA, Invasive aspergillosis; ABLC, AMB lipid complex; FLC,
fluconazole; ITC, itraconazole; VRC, voriconazole; HSCT, Hematopoietic stem cell transplantation; PSC, posaconazole; susp., suspension; GVHD, Graft-versus-host disease; tabl., tablets; CGD,
chronic granulomatous disease; ISA, Isavuconazole; MFG, micafungin; FN, Febrile neutropenia; CAS, caspofungin; AFG, anidulafungin; q.d., once a day; b.i.d., twice a day.
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2. Prophylaxis of Preterm Babies against Candidiasis
Measures to prevent colonization of infants, especially of VLBW neonates, by Candida spp. are
the cornerstone of prevention of IFIs among them [3,62,63]. Avoidance of horizontal transmission by
rigorous infection control measures, rational use of broad-spectrum antibacterial agents (especially
third-generation cephalosporins and carbapenems), and proper handling of central venous catheters
appear to be extremely important [3,64].
Early administration of probiotics is associated with prevention of Candida colonization in
neonates; however, their efficacy in reducing IFIs and mortality, their safety, risk-benefit potential,
optimal dosage, and duration of administration is still unclear [57–60]. A subsequent meta-analysis
did not show any significant impact of probiotic administration in reducing incidence of late onset
sepsis [61]. Thus, the impact of probiotics in reducing IFIs in neonates needs further study.
Several neonatal units around the world use fluconazole as means of IFI prevention depending on
their IFI incidence [65–68]. A more recent network meta-analysis, including 11 randomized controlled
studies of fluconazole prophylaxis, confirmed that fluconazole at 3, 4, or 6 mg/kg twice weekly
was superior to placebo preventing invasive candidiasis (IC) and IC-related mortality in preterm
neonates, but failed to find any difference between these three dosage regimens [17]. Although the
study could not demonstrate any effect on long-term toxicity or the development of resistance due to
the design of the studies, it recommended the smallest dose of 3 mg/kg twice weekly as sufficient for
prophylaxis as well as being better tolerated, minimizing exposure, and reducing cost. Ericson et al.
collected patient-level data from four US-based randomized studies and conducted an aggregated
analysis of these data. They found that fluconazole prophylaxis significantly reduced IC and Candida
colonization in preterm infants, whereas it had no impact on the fluconazole resistance rate during the
period of the study [69]. Nevertheless, neonatal intensive care units (NICUs) should avoid overuse of
prophylactic fluconazole and try to use infection control bundles and antibiotic stewardship to avoid
increased use of fluconazole with subsequent increases of Candida minimal inhibitory concentrations to
fluconazole. Until more definitive results on drug exposure exist, fluconazole 3–6 mg/kg twice weekly
for 42 days is recommended for <1000 gr preterm neonates in NICUs with a relatively high incidence
of IC (>10%) [4]. The rational of this twice weekly regimen is to reduce drug exposure (leading to
adverse effects, especially long-term neurodevelopmental consequences) as well as the development
of resistant fungal isolates showing, nevertheless, sufficient efficacy [17]. In addition, one study found
that the twice-weekly regimen at a dose of 3 mg/kg twice weekly was not significantly associated
with neurodevelopmental sequelae after 8–10 years or impaired quality of life [70]. As the long-term
complications of neonatal period are frequently multifactorial, further studies are needed to identify
the impact of antifungal prophylaxis.
Nystatin has been also proposed as an alternative antifungal prophylactic regimen in neonates,
because it is safe, well tolerated, effective, and cheap, although data are limited and especially for
neonates weighing less than 750 g. It may be used in an alternative antifungal prophylaxis setting
with fluconazole shortages or resistance [4]. In a non-inferiority randomized study, prophylactic use of
nystatin or fluconazole reduced both the incidence of colonisation and IFIs in VLBW neonates [71].
Of interest, in another study of fluconazole or nystatin oral prophylactic use in VLBW infants
(birth weight <1500 g), the nystatin group showed an unexplained proportion of deaths [72]. The role
of oral non-absorbable antifungals to reduce Candida gut colonization and indirect risk of IFIs in the
neonates has not been adequately studied [73].
3. Management of Invasive Candidiasis in Neonates
Significant differences in IFI pathophysiology and antifungal drug pharmacokinetics between
premature neonates and older patients emphasize the need to further evaluate the effectiveness and
safety of different antifungal drugs and dosing in the neonatal period [74]. In a recent multicenter
population-based study of antifungal treatment in premature neonates in Germany, 5.4% of VLBW and
10.7% of extremely-low-birth weight (ELBW) neonates received any empirical or targeted antifungal
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therapy. Among them, 95.5% of them received empirical instead of targeted therapy. Fluconazole was
the most frequently used agent followed by liposomal amphotericin B and caspofungin [75].
Prompt initiation of empiric antifungal treatment (before knowing the positive culture), especially
in high-risk neonates, is a prerequisite to efficiently combat candidemia, leading to increased
survival without neurodevelopmental impairment [76,77]. The empiric treatment should be based on
epidemiology of the specific NICU; any premature infant with clinical or microbiological evidence of
IC should be treated as having disseminated disease and hematogenous Candida meningoencephalitis
(HCME) [3]. In all neonates with suspected IC, a lumbar puncture and a retinal examination should
be performed and in case of persistent positive blood cultures, ultrasonography of head, heart,
and kidneys for end-organ dissemination is strongly recommended [4]. Removal of a central venous
catheter, if possible, is very important for IC treatment to diminish the niche of a persistent Candida
biofilm [4]. No consensus on the duration of antifungal therapy in the neonatal period has been
established; however, most NICUs treat IC for a minimum of 14 days after negative cultures [4].
The duration of therapy for end-organ infections—such as endocarditis and renal infection—is even
less clear, but a duration of six weeks or longer is recommended [78].
Non-culture assays have been studied for the early diagnosis of IC in neonates and thus initiation
of preemptive therapy with the goal to improve the outcome. (1,3)-β-D-glucan (BDG), a reliable
biomarker of most clinically relevant fungi in adults, has been studied very little in neonates with
variable results [79,80]. In a more recently published study of premature neonates comparing
those with proven or probable invasive yeast infections with controls, BDG was shown to have
promising results [81]. The authors suggested a higher threshold, i.e., 106 or 125 pg/mL, may be used,
but interpretation of BDG results in neonates should be made with caution, taking into consideration
all limitations. A multicenter study evaluated the role of polymerase chain reaction (PCR) and BDG
in the early diagnosis of IC in premature neonates in comparison to blood culture [82]. With a cutoff
value of either >80 pg/mL or >120 pg/mL used, the authors found that Candida PCR and serum BDG
are useful as complementary diagnostic techniques to detect IC in premature neonates.
T2 magnetic resonance assay is a very promising assay that may give the result of positivity and
Candida spp. identification much faster (three to four hours) than culture (which may take up to four
to five days) [83]. The use of valid diagnostics with good sensitivity and specificity may make the
treatment more target-oriented and much earlier. No published data of T2 magnetic resonance assay
exist with IC in neonates.
Deoxycholate amphotericin B (DAMB) continues to be useful in the treatment of IFIs in
NICU. While its pharmacokinetics in neonates are considerably variable [84], the dosage regimen
recommended is 1 mg/kg/d [3–5]. However, its use is limited by its adverse effects of nephrotoxicity
and hypokalemia [5]. Therefore, frequent monitoring of electrolytes and renal function is recommended
during therapy.
Pharmacokinetic data are available on the liposomal and lipid complex preparations of
amphotericin B and they support their use in neonates; however, the optimal dosage and duration of
therapy is difficult to establish [16]. Amphotericin B lipid formulations are administered in increased
daily dosages (up to 10-fold), and are characterized by high tissue concentrations in macrophage-rich
organs (lungs, liver, spleen), a decrease in infusion-related adverse effects, and a marked decrease
in renal toxicity. Dosing of liposomal amphotericin B (LAMB) in neonatal IC ranges from 2.5–7 or
3–5 mg/kg/d according to ESCMID or IDSA guidelines, respectively [3,4]. When comparing the
efficacy and safety of DAMB and lipid amphotericin B (AMB) formulations (liposomal and lipid
complex) in neonatal IFIs, there are no significant differences noticed, although the number of studies
is limited [85–87]. While there is no specific clinical information for the optimal regimen for HCME,
LAMB penetrates the central nervous system (CNS) in a preclinical model of HCME and has antifungal
activity in the brain [8,9].
Fluconazole has potent in vitro activity against almost all Candida spp., fair pharmacokinetic
properties with good penetration to the CNS, and has been used in neonates with IC at 12 mg/kg/d [3,4].
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A loading dose of 25 mg/kg during the first day is probably needed to achieve steady state levels
within 24 h. Fluconazole resistance has emerged, particularly in non-C. albicans species, reaching high
levels in some regions and local epidemiology should be considered [3]. Nevertheless, in Europe and
in America, resistance of main Candida spp. causing IC in neonates (C. albicans and C. parapsilosis)
remains low (<5%) [88–92]. Fluconazole should not be used as empiric therapy in neonates that have
prophylactically received fluconazole in the past.
Micafungin is the only echinocandin approved for use in infants aged less than three months
in the EU and Japan, but not in the USA [40]. An analysis of nine clinical trials containing neonates
showed that micafungin has a substantial efficacy, with a success rate of IC treatment reaching
73% in both premature and non-premature groups [41] that is somewhat less than the success rate
found in adults (approximately 83%) [42]. Because of increased clearance in neonates, an increased
dose of 4–10 mg/kg/d is recommended [43]. The most appropriate doses to achieve levels in
the brain parenchyma are 7–10 mg/kg/d. This has been suggested from pharmacokinetics and
pharmacodynamics studies of micafungin in experimental HCME [44]. A population pharmacokinetics
study of micafungin in neonates and young infants showed that a higher weight-based dose is required
for infants than for adults to achieve effective CNS drug concentrations [45]. This has been validated
in a recent clinical trial in neonates, and with the use of a Monte Carlo simulation it was shown that
micafungin was efficient and well tolerated at a dose of 10 mg/kg and that there was no need for
a loading dose (some authors have used 15 mg/kg) [46]. In a recently published very small study of
micafungin at 10 mg/kg/d (20 patients) vs. deoxycholate amphotericin B at 1 mg/kg/d (10 patients)
in infants up to four months of age with IC, there was no difference in fungal-free survival and both
agents were well tolerated by the infants [93].
As neonatal IC is frequently followed by HCME, higher doses of echinocandins are required to
achieve adequate drug levels in cerebrospinal fluid (CSF). In a study of 18 neonates with IC, three
of whom also had meningitis, micafungin was given at a high dose of 8–15 mg/kg/d. Micafungin
concentrations achieved in the CSF were 0.80–1.80 mg/L. While 78% of the subjects treated had clinical
resolution of IC, five had neurologic impairments. In three patients treated with 10–15 mg/kg/d,
marked γ-GT elevations were observed that were improved after dose reduction [94]. Micafungin has
been used for shunt lock therapy combined with systemic treatment to treat shunt-associated Candida
CNS infections [47].
Micafungin has few drug-drug interactions and an acceptable safety profile, but transaminase
monitoring is recommended during treatment. While echinocandins have a favorable safety profile,
the lack of clinical study data inhibits recommendations as first-line agents in neonates [93,95].
Caspofungin, despite being the first echinocandin used in adults, has limited data for neonates
and infants less than three months [51,52]. In a clinical trial, a dosage of 25 mg/m2 given once daily
was well tolerated and reached the same pharmacokinetic/pharmacodynamic (PK/PD) parameters
as in adults treated with the recommended dose of 50 mg [53]. In a case report of device-associated
meningitis in a premature neonate, the use of the above recommended dose (25 mg/m2 ) resulted in
adequate caspofungin concentrations in the CSF and a microbiological and clinical response without
the need for device removal [96].
Anidulafungin is not approved for use in neonates and infants less than three months of
age. A systematic review of anidulafungin showed no drug-related adverse events, and good
pharmacodynamics [97,98]. The efficacy of anidulafungin in neonatal HCME was evaluated using
a well-established and proven rabbit model and applying a mathematical model to translate the results
to humans. It was concluded that the current dosing regimen of 1.5 mg/kg/d with a loading dose of
3 mg/kg is not sufficient to treat HCME [97]. Another study exploring the safety and pharmacokinetics
of anidulafungin in neonates and young infants showed that administration of anidulafungin at
1.5 mg/kg/d caused exposure levels that were similar to those of children on the same dose and adults
that received the recommended dose of 100 mg/d [99].
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4. Prophylaxis, Empiric Therapy, and Targeted Antifungal Therapy in Children with Primary or
Secondary Immunodeficiencies
4.1. Prophylaxis
Prevention of IFIs in high-risk immunocompromised patients is very important. An appropriate
bundle of preventive strategies consists of environmental strategies to lower the chance of fungal
acquisition and primary/secondary antifungal drug prophylactic administration. Implementation
of high efficiency-particulate air filters, room cleaning, and decontamination, protective clothing,
care regarding food, and rational use of antibiotics with an active antibiotic stewardship program
require special consideration and are prerequisite preventive measures in high-risk children.
Data on antifungal prophylaxis in children are limited and recommendations are mainly
extrapolated from adults. On the other hand, it should be kept in mind that pediatric patients
differ from adults in underlying conditions and physiology, in pharmacologic considerations,
including dosing, toxicity, and administration, and have a much smaller evidence base, upon which
recommendations are relied. Evidence-based recommendations for antifungal prophylaxis have
been developed for the following categories of secondary immunodeficiencies: Acute myeloid
leukemia, high-risk acute lymphatic leukemia, recurrent acute leukemia, intensive care unit (ICU)
admission, and the presence of graft-versus-host disease (GVHD) after allogeneic hematopoietic stem
cell transplantation (HSCT) [10]. In addition, patients with primary immunodeficiencies may need
life-long antifungal prophylaxis, the kind of which may depend on the predominant fungi causing IFIs
in the particular immunodeficiency.
According to ESCMID and to ECIL’s four guidelines, antifungal prophylaxis should be
administered until engraftment after HSCT [3,10]. Antifungal prophylaxis should be continued
after engraftment in case of GVHD (with antifungal agents active against both yeasts and molds).
In children with HSCT, but without GVHD, prolongation of antifungal therapy after engraftment
may be considered. In this case, the duration of antifungal prophylaxis should be determined by the
immune recovery and the end of immunosuppression [10].
The most frequent antifungal agent prophylactically administered to high-risk pediatric patients is
fluconazole, based on trials that have shown that patients with allogeneic HSCT receiving fluconazole
presented a significant better long-term follow-up probably due to less severe gut GVHD [18–21].
Fluconazole is safe and well tolerated up to 12 mg/kg/d and doses up to 10 mg/kg/d were successfully
used in a prophylaxis trial [22–24]. The pediatric fluconazole dose recommended for prophylaxis
ranges between 6 and 12 mg/kg/d depending on the patient’s age and weight [18,23].
Since fluconazole does not possess anti-mold activity, studies have compared other antifungal
agents with fluconazole to further reduce the incidence of mold infections in high-risk children.
In a meta-analysis, antifungal prophylaxis with fluconazole was compared to a mold-active azole,
or amphotericin B or echinocandin in adult and pediatric cancer patients receiving chemotherapy
or HSCT, but no difference in overall mortality between the two arms was observed (RR 1.0;
95% CI 0.88–1.13) [100]. However, mold active agents significantly reduced both IFI episodes and
IFI-related deaths, but with the cost of a higher prevalence of adverse events [100]. Other mold-active
azoles were evaluated in high-risk patients for their preventive activity against mold infections.
In particular, itraconazole reduced the incidence of IFIs, but due to its adverse effects and frequent
drug-drug interactions it is not favorite to the clinicians as prophylaxis in high-risk pediatric
patients [29,30]. In general, azoles are associated with many drug-drug interactions, leading to
changes in concentrations of azoles or of interacting medications [101]. The list of drugs that have been
implicated is long, including, but not limited to, rifampin, phenytoin, carbamazepine, vinca alkaloids,
and calcineurin inhibitors [101].
Voriconazole is a broad-spectrum azole with anti-mold activity, but its use in pediatrics is
complicated by inadequate drug exposure and by significant drug-drug interactions [102,103]. A large
randomized controlled trial (RCT) has compared voriconazole to fluconazole in adult and pediatric
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patients with allogeneic HSCT [31]. The results have shown no difference in fungal-free or overall
survival at 180 days. The proposed maintenance dose is 8 mg/kg twice daily for intravenous
administration and 9 mg/kg twice daily for oral administration for all children less than 12 years of
age, and for those 12–14 years of age weighing <50 kg [10,31]. In a recent nationwide, multicenter
observational study regarding antifungal prophylaxis in children with cancer, the use of voriconazole
was safe and well tolerated [104]. Therapeutic drug monitoring should be applied to optimize its
serum levels between 1–1.5 and 5 mg/L [10,105]. It is not recommended for patients <2 years [10].
Posaconazole is another alternative choice for hematological/oncological patients, including
those with GVHD. Factors limiting its use in children include variable plasma concentrations in
pediatric patients, especially those less than 13 years of age, lack of an intravenous formulation
(since these children typically have nausea, mucositis, and poor oral intake during the at-risk period),
and unreliable absorption of oral suspension. One of the first clinical trials was specifically conducted
in patients with GVHD [106]. This double-blind trial compared fluconazole to posaconazole in
patients 13 years and older with acute Grade II–IV or chronic extensive GVHD. Patients receiving
posaconazole prophylaxis had lower rates of proven and probable IFIs and a lower fungal-related
mortality. Currently, posaconazole is recommended for use in patients >13 years of age with HSCT.
Posaconazole was approved for antifungal prophylaxis (for Aspergillus and Candida infections) in
patients with acute myeloid leukemia, myelodysplastic syndromes, GVHD, or in patients undergoing
HSCT, in whom a long neutropenic period due to chemotherapy is expected [12,13,35]. Accumulated
data from studies in children, including all ages, with neutropenia have shown that posaconazole is safe
and efficacious when used for prophylaxis in these patients [39,107]. In comparison with other azoles
(voriconazole and itraconazole), posaconazole was well-tolerated, safe, and effective oral antifungal
prophylaxis in pediatric patients who underwent high-dose chemotherapy and HSCT [107–109].
Recently, the use of a new posaconazole formulation (gastro-resistant tablets) has been studied in HSCT
pediatric patients for antifungal prophylaxis [38]. In this study, the use of posaconazole as a suspension
or tablet had similar efficacy, but patients who received a posaconazole tablet achieved much earlier the
targeted plasma concentration than those who received the suspension formulation [38]. Posaconazole
has also been used in patients with primary immunodeficiencies, including chronic granulomatous
disease (CGD) [36]. Although a daily dose of 120 mg/m2 body surface given in three doses has been
proposed for oral posaconazole suspension [37], the optimal dosage needs to be further studied in
children, including the new formulation [39]. For children ≥13 years, a dose of 300 mg per day in
one dose of gastro-resistant tablets (preferred formulation) is recommended. Alternatively, 600 mg
per day of oral suspension in three divided doses for prophylaxis (not approved in the EU in patients
<18 years). The oral solution administration needs therapeutic drug monitoring (TDM).
Data on echinocandin prophylaxis in pediatrics are limited, with only one study
revealing that a higher proportion of patients receiving micafungin than fluconazole had no
proven/probable/possible IFI at four weeks following HSCT [48]. There was no difference in rates
of proven or probable IFI or overall and fungal-related mortality. However, the number of pediatric
subjects enrolled was small (n = 84) and a reduction in the incidence of proven or probable IFI was
not demonstrated. Micafungin was also tested as antifungal prophylaxis at 2 mg/kg/d in pediatric
patients with allogeneic HSCT [49]. The main disadvantages for widespread echinocandin use are
a lack of oral formulation and cost.
Caspofungin has been shown to be at least equivalent to itraconazole as antifungal prophylaxis
with little caspofungin-related adverse events [54]. Two retrospective studies conducted in children
undergoing HSCT caspofungin was safe and with a similar efficacy with a comparator antifungal
agent, which was liposomal amphotericin B in one study and micafungain in the other [55,56].
Patients with primary immunodeficiencies being at high risk for IFIs or presenting as chronic
fungal infections (i.e., chronic mucocutaneous candidiasis, CGD, severe combined immunodeficiency,
and others) may require life-long antifungal prophylaxis [25,110,111]. Fluconazole for anti-Candida
prophylaxis or maintenance therapy and a mold-active azole—such as itraconazole, voriconazole,
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or posaconazole—for anti-Aspergillus prophylaxis are appropriate and are thoroughly reviewed
elsewhere [25–28].
4.2. Empiric Therapy
Empiric fever-driven antifungal therapy has been considered as standard of care in
hemato-oncological patients at high risk for invasive fungal disease with neutropenia, who present
with refractory or a new fever of at least four days, despite broad-spectrum antibacterial therapy [11].
Both ECIL’s four guidelines in 2014 and a recent update of clinical practice guidelines in children with
cancer and HSC recipients recommend the following options in pediatric patients of all age groups:
LAMB (1–3 mg/kg/d) or caspofungin (loading dose 70 mg/m2 /d, followed by 50 mg/m2 /d) [10,11].
Children with febrile and neutropenia with low risk for IFI have no benefit with starting empiric
antifungal treatment. Nowadays, a more diagnostics-driven empiric (or pre-emptive) antifungal
therapy is desirable based on findings of biomarkers, including galactomannan, and BDG, as well as
imaging of chest and other organs [11,112]. This eliminates the need for administration of empiric
antifungal therapy in neutropenic patients, who present with fever of non-fungal etiology. In a very
recent randomized, multicenter clinical trial conducted in Chile, pre-emptive antifungal therapy was
non-inferior to standard empiric driven antifungal therapy in pediatric patients aged less than 18 years
with cancer and high-risk febrile neutropenia [113]. In addition, pre-emptive therapy was associated
with statistically significant less antifungal exposure.
A randomized, double-blinded, multicenter study compared caspofungin and LAMB for
empiric antifungal therapy in pediatric patients with persistent febrile neutropenia (FN). It revealed
that caspofungin (50 mg/m2 /d) and LAMB (3 mg/kg/d) were comparable in safety, tolerability,
and efficacy [114]. Caspofungin doses can be increased to 70 mg/m2 /d if clinically indicated
(maximum dose of 70 mg/d). Another multicenter study evaluated the efficacy and safety of
micafungin at a median dose of 3.0 mg/kg/d and a duration of 13.5 days for FN in pediatric patients
with hematological malignancies, and revealed that micafungin may be an alternative safe and effective
agent to treat pediatric patients with FN [50].
Empirical therapy in adult ICU patients has been shown to be of no benefit when using
a fever criterion [3,4]. Similarly, a recent meta-analysis in non-neutropenic pediatric and adult ICU
patients found that non-targeted antifungal therapy (including prophylactic, pre-emptive, and empiric
antifungal treatment) compared to placebo or no therapy had no significant reduction in overall
mortality [115]. Diagnostic-driven empiric antifungal therapy has been developed both for children
and adults, but with significant limitations [116]. Currently, no conclusive evidence exists for the use of
galactomannan, BDG, mannan antigen/antibody, and fungal PCR in children with high or low risk for
IFD [116,117]. Improvement of current biomarkers alone or in combination [118] is warranted. A new
and promising biomarker, T2 magnetic resonance assay, can detect the five most common isolated
Candida species within a few hours in whole blood [119]. This T2 magnetic resonance biomarker has
already been applied in pediatric children with and without candidemia and although there were few
patients, a high accuracy was found [83].
In general, patients with a refractory or new fever episode in the pediatric intensive care unit
(PICU), despite broad-spectrum empirical antibacterial therapy, who are at high risk for Candida
infection with moderate-to-severe disease, hemodynamic instability recent azole exposure, or at
high risk for C. glabrata or C. krusei infections require empiric treatment with an echinocandin or
LAMB [4,12].
4.3. Targeted Therapy
LAMB at 3–5 mg/kg/d has been approved as a first-line treatment of IFIs in pediatrics, including
invasive aspergillosis (IA) and IC [3,4,10]. Amphotericin B lipid complex at 5 mg/kg/d can
be also used [13]. Other indications for AMB administration in children include blastomycosis,
coccidioidomycosis, histoplasmosis, and endemic mycoses, whereas LAMB at a higher dose
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(≥5 mg/kg) is the first-line treatment of mucormycosis [13,14]. The combination of LAMB
with flucytosine is proposed to treat difficult fungal infections, such as Candida meningitis and
endocarditis [15]. For the management of cryptococcosis in children, data are limited. The main
principle is to start induction therapy for meningoencephalitis using LAMB combined with flucytosine
for at least two weeks, followed by fluconazole for a long period [6]. According to 2010 guidelines,
the proposed dose regimen in children for CNS and disseminated cryptococcal disease is DAMB
(1 mg/kg/d iv) in combination with flucytosine (100 mg/kg/d orally in four divided doses) for two
weeks, followed by fluconazole (10–12 mg/kg/d orally) for eight weeks; for AmB-intolerant patients,
either liposomal AmB (5 mg/kg per day) or amphotericin B lipid complex (ABLC) (5 mg/kg per day).
Fluconazole is also proposed as a maintenance treatment at a dose of 6 mg/kg per day orally, while for
cryptococcal pneumonia, fluconazole use is recommended (6–12 mg/ kg) for 6–12 months [6,7].
Among echinocandins, caspofungin is most commonly used to treat IFIs in pediatric patients [120].
An open-label prospective study of caspofungin for the treatment of IC and IA in patients aged three
months to 17 years reported success (defined as complete or partial response) at the end of therapy in
5/10 (50%) patients with IA and 30/48 (62.5%) patients with IC without presenting any major adverse
effects during treatment [121]. Another prospective study evaluated caspofungin in 83 patients with
IA, most of which were refractory to other therapies. An overall favorable response to caspofungin
was noted in 45% of patients [122]. A recent systematic review and meta-analysis of three randomized
controlled trials of a high quality, but with small sample size, in children and neonates found a favorable
outcome for patients treated with caspofungin in comparison to amphotericin B [123]. Based on these
randomized trials as well as observational studies, caspofungin was approved for pediatric patients as
second-line therapy of IA and as primary targeted therapy of IC in Europe [3,10].
Micafungin pediatric data are also limited. A retrospective study of patients <2 years of age found
nine clinical studies having enrolled patients of this age [41]. Treatment-related adverse events were
recorded in 23% of patients, with no difference between prematurely and non-prematurely born infants.
For a subgroup of 30 patients with IC, treatment success was achieved in 73% in both premature and
non-premature groups. The safety and pharmacokinetics of micafungin at 3 mg/kg and 4.5 mg/kg
once-daily were evaluated in children with proven, probable, or suspected IC [124]; both dosages
of micafungin were well tolerated. In a randomized double-blind trial of micafungin (2 mg/kg/d)
versus LAMB (3 mg/kg/d) in 98 children aged <16 years, both drugs achieved similar success rates
for treating candidemia/IC [125]. In a recent meta-analysis, the use of micafungin for the prevention
or treatment of IFIs in neutropenic cancer pediatric patients had significantly more success rates than
comparators, but similar mortality rates [126]. According to ESCMID and ECIL’s four guidelines,
micafungin is licensed for targeted therapy of IC at a dose of 2–4 mg/kg [3,10].
A meta-analysis was recently conducted to evaluate the limited clinical data of echinocandins vs.
other antifungal therapy for safety and efficacy in the treatment of IC in children [127]. In particular,
from four randomized clinical trials (324 patients), two confirmed IC (micafungin vs. LAMB and
caspofungin vs. LAMB) and two empirical therapy trials (caspofungin vs. DAMB and caspofungin vs.
LAMB) were included. There was no significant difference between echinocandins and the comparator
in terms of treatment success (OR = 1.61, 95% CI 0.74–3.50) and incidence of treatment-related adverse
events (OR = 0.70, 95% CI 0.39–1.26). However, fewer children treated with echinocandins discontinued
treatment due to adverse events than amphotericin B formulations (OR = 0.26, 95% CI 0.08–0.82,
p = 0.02).
Pediatric data on anidulafungin efficacy and safety are restricted in only one published pediatric
study to date [128]. Anidulafungin was well tolerated. Pediatric patients receiving 0.75 mg/kg/d or
1.5 mg/kg/d had anidulafungin concentration profiles similar to those of adult patients receiving
50 or 100 mg/d, respectively. In a prospective study conducted in a single center in Argentina, a total
of 55 patients received anidulafungin for treatment or prophylaxis due to a temporary shortage of
amphotericin B [129]. The majority of the children had bone marrow transplantation and anidulafungin
was well tolerated and efficacious when given at a loading dose of 3 mg/kg/d and a maintenance
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dose of 1.5 mg/kg/d [129]. Preliminary data of an open study of anidulafungin to patients two
years to 17 years were recently presented, showing that anidulafungin at doses of 3 mg/kg as
a loading dose followed by 1.5 mg/kg/d was effective, with a global response success rate of 70.8%
at end-of-iv treatment and an acceptable tolerability and safety profile in children diagnosed with
IC [130]. Similar data are currently being analyzed for patients one month to two years of age.
ESCMID/ECIL/IDSA guidelines recommend a dose of 3 mg/kg as a loading dose followed by
1.5 mg/kg/d [3,4,10]. Anidulafungin is not licensed yet for patients younger than 18 years.
Fluconazole can be safely used in IC caused by fluconazole-susceptible organisms in pediatric
patients of all ages who are in a stable condition and have not received prior azole therapy [3,10,12].
Fluconazole or echinocandin can also be used as an initial therapy for candidemia in non-neutropenic
patients, depending on the disease severity and possibility of azole resistance. According to IDSA
guidelines, an echinocandin should be started for patients with moderately severe to severe illness or
for patients with recent azole exposure, while fluconazole is recommended for patients with a less
critical condition and without recent azole exposure or risk for a fluconazole resistant candida [4].
Voriconazole is indicated in pediatric patients as first line therapy for IA as well as for
scedosporiosis, fusariosis, and other IFIs in pediatric patients, who are intolerant of or refractory to
conventional antifungal therapy [10,33,34]. The recommended voriconazole dose for the treatment of
IA is based on the age and weight of the child and TDM is strongly recommended [10]. As voriconazole
has linear PK and high variability in children 2–11 years old, the dose for children is a loading of
9 mg/kg/dose × 2 followed by maintenance of 8 mg/kg/dose × 2 with pos 9 mg/kg/dose × 2.
Higher voriconazole dosages or even given every eight hours have been suggested for children and
especially in younger children aged less than two years of age [32].
Mucormycosis is a life-threatening IFI particularly affecting children with hematological
malignancies [131]. Posaconazole is active against mucormycosis, and when combined with other
antifungal drugs, can be effective in immunocompromised children and be used as a salvage
therapy [132–134]. According to ECIL’s four recommendations, posaconazole can be used in children
>13 years for scedosporiosis and fusariosis and as second line treatment for mucormycosis [10].
In a multicenter, phase three, open-label study in juvenile (age range 8–17 years old) and adult
(18–64 years) patients who were intolerant of or had IFIs refractory to standard antifungal therapies,
posaconazole at 800 mg/d as an oral suspension in divided doses was administered to almost all
patients [135]. The overall success rates and adverse event profiles were comparable. Posaconazole
plasma concentrations were similar for juvenile and adult patients, suggesting that clinical outcomes
are expected to be similar in adults and children with refractory IFIs. Nowadays, the gastro-resistant
tablets of posaconazole have eliminated the need for TDM. For the treatment of children ≥13 years,
a dose of 300 mg per day in one dose (day 1, two doses of 300 mg) of gastro-resistant tablets (preferred
formulation) is recommended. Alternatively, a dose of 800 mg per day in two or four divided doses
of oral solution is recommended (not approved in the EU in patients <18 years). The oral solution
administration needs therapeutic drug monitoring (TDM).
There are limited data for the use of posaconazole for the treatment of IFIs in children aged less
than 13 years of age. In a recent study, 13 pediatric cancer patients were treated with posaconazole
at a median dose of 12.5–16.5 mg/kg/d and 77% of them achieved the targeted concentration of
1 µg/mL within the first week [136]. Similarly, a retrospective analysis of the administration of oral
posaconazole suspension for the treatment of fungal infections was conducted in 12 patients aged less
than 13 years [36]. In this study, which included mostly male patients with CGD, posaconazole dose
ranged from 18.5–47.9 mg/kg/d, the daily frequency varied from two to four doses, and plasma
concentrations ranged from 0.23–2.16 µg/mL. TDM is the same in children and adults, 0.7 for
prophylaxis and 1 mg/L for treatment.
Isavuconazole, a new triazole with activity against both Aspergillus and Mucorales, and both
oral and intravenous formulation, has been recently approved for use in adults above 18 years [137].
Currently, its pharmacokinetics are being studied in children from 1–18 years for the intravenous
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regimen and from 6–18 years for the oral regimen (ClinicalTrials.gov NCT03241550). It has been used
for treating a few children with mucormycosis successfully [138].
A number of rarer IFIs may be encountered in immunocompromised children—such as invasive
fusariosis, scedosporiosis, or trichosporonosis. A review of these infections in children has been
published [139]. Antifungal therapy for them in infants or children does not differ from that in adults
even though some of the active agents (such as voriconazole) cannot be given in young patients.
Surgical intervention and adjunctive immunotherapy have been used in some cases [140].
5. Conclusions
Fluconazole remains the most frequent antifungal prophylactic agent given to high-risk neonates
and children. However, the emergence of fluconazole resistance, particularly in non-albicans Candida
species, should be considered during preventive or empiric therapy. In VLBW neonates, although
fluconazole is used as antifungal prophylaxis in NICU’s with a relatively high incidence of IC, its role is
under continuous debate. The mainstay of therapy for treating neonatal and pediatric yeast and mold
infections remains amphotericin B, primarily in its liposomal formulation. Voriconazole is indicated
for mold infections except mucormycosis in children >2 years. Newer triazoles—such as posaconazole
and isavuconazole—and echinocandins are either licensed or under study for first-line or salvage
therapy, whereas combination therapy is kept for refractory cases.
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