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Abstract: Background: Due to the difficulties in the definite diagnosis, data on brain imaging in
pediatric patients with central nervous system (CNS)-invasive mold infection (IMD) are scarce.
Our aim was to describe brain imaging abnormalities seen in immunocompromised children with
CNS-IMD, and to analyze retrospectively whether specific imaging findings and sequences have
a prognostic value. Methods: In a retrospective study of 19 pediatric patients with proven or
probable CNS-IMD, magnetic resonance imaging (MRI)-findings were described and analyzed.
The results were correlated with outcome, namely death, severe sequelae, or no neurological sequelae.
Results: 11 children and 8 adolescents (11/8 with proven/probable CNS-IMD) were included. Seven of
the patients died and 12/19 children survived (63%): seven without major neurological sequelae and
five with major neurological sequelae. Multifocal ring enhancement and diffusion restriction were
the most common brain MRI changes. Diffusion restriction was mostly seen at the core of the lesion.
No patient with disease limited to one lobe died. Perivascular microbleeding seen on susceptibility
weighted imaging (SWI) and/or gradient-echo/T2* images, as well as infarction, were associated
with poor prognosis. Conclusions: The presence of infarction was related to poor outcome. As early
microbleeding seems to be associated with poor prognosis, we suggest including SWI in routine
diagnostic evaluation of immunocompromised children with suspected CNS-IMD.
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1. Introduction

Despite the availability of potent antifungal compounds, invasive fungal infections, in particular
those affecting the central nervous system (CNS), are associated with high morbidity and mortality
in immunocompromised patients. Filamentous fungi, mostly Aspergillus spp. but also Fusarium spp.
or mucormycetes, may affect the CNS of both children and adults. These infections can originate
from hematogenous dissemination from a distant primary focus, commonly the lung, or from local
dissemination, usually from a sinus infection. Clinical symptoms are often uncharacteristic and may
even be absent in a significant proportion of patients with invasive mold disease (IMD) of the CNS,
which makes early diagnosis difficult [1]. On the other hand, early diagnosis and treatment of IMD
of the CNS seems to be associated with better outcomes. A definite diagnosis of CNS-IMD requires
a microscopic finding or a positive culture from a CNS specimen, which, however, often remain
negative [2]. Non-culture based diagnostic assays such as the detection of the cell wall component
galactomannan by ELISA or of fungal nucleic acids by PCR in CNS specimens may support the
diagnosis of CNS-IMD but require invasive procedures. Therefore, non-invasive procedures such as
brain imaging studies play a key role in the early detection of CNS-IMD. Unfortunately, due to the
difficulties in the definite diagnosis of CNS-IMD, primary data on imaging studies such as cranial
magnetic resonance tomography (MRI) in proven and probable CNS-IMD in the pediatric age group
are scarce, reporting only on single patients [3] or small case series [4] or on patients with only clinical
features of CNS-IMD [5], which is clearly a major limitation of these analyses. Data from studies in
adult patients may not be applied to children, as there are important differences between children
and adults regarding underlying malignancy, comorbidities, treatment strategies and immunologic
recovery, all of which might impact the results of imaging studies [6]. We therefore aimed to describe
the brain imaging abnormalities seen in immunocompromised children with CNS-IMD, and to analyze
whether specific MRI findings and sequences have a prognostic value.

2. Materials and Methods

For this retrospective study, children and adolescents diagnosed between 2007 and 2016 with
CNS-IMD were identified by the recollection of local investigators. The detailed analyses of diagnostic
procedures, therapy, clinical course, and outcome (e.g., death or severe neurological sequelae such as
hemi-/quadriplegia, aphasia, amaurosis) have been reported previously [1,7]. For the present analysis,
pediatric patients receiving chemotherapy for an underlying malignancy and patients undergoing
allogeneic hematopoietic stem cell transplantation (HSCT) were included if they met the following
criteria: (1) younger than 18 years at the time of diagnosis; (2) proven or probable CNS-IMD,
as defined previously [1]; and (3) availability of (a) non-contrast T1-weighted images (T1-W), (b) T2-W,
(c) fluid-attenuated inversion recovery sequences (FLAIR), (d) gradient-echo T2* and/or susceptibility
weighted imaging (SWI), (e) diffusion-weighted imaging (DWI) with apparent diffusion coefficient
(ADC) maps, and (f) contrast-enhanced T1-W in at least two different planes and without severe
motion artefacts.

Proven CNS-IMD was diagnosed by compatible CNS imaging or macroscopic autopsy findings
in conjunction with a positive microbiological result in the brain tissue or cerebrospinal fluid [1].
Positive microbiological results included a positive culture, microscopic evidence of hyphae, a positive
result of the galactomannan assay (OD > 0.5) or detection of a mold by polymerase chain reaction
(PCR). Probable CNS-IMD was defined as compatible CNS imaging findings in combination with
proven or probable IMD at a site outside the CNS in the absence of a plausible alternative diagnosis [1].
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Patients with possible CNS-IMD (e.g., patients without microbiological result of IFD in or outside the
CNS) were not included into the analysis.
The MRI sequences were analyzed as follows:

(1) DWI and ADC were evaluated for infarction, lesions with central restricted diffusion, lesions
with a rim of restricted diffusion, and others. Infarction was defined as territorial, cortical,
and sub-cortical lesions without nodular or ring-like aspect. Non-infarction-DWI restrictions,
with nodular or ring-like aspect, were classified as lesions with central or rim-like restricted
diffusion. Others included patients with cerebritis and bleeding.

(2) SWI/T2* were evaluated as follows:

A.  Parenchymal bleeding was defined as a hypointense parenchymal signal with “blooming”.

B.  Cluster of microbleeding was defined as a significantly hypointense cluster signal.

C Perivascular microbleeding was defined as a significantly hypointense perivascular signal.

D.  Ring-like was defined as a hypointense ring-like signal.

E Vascular blooming was defined as a vascular structure with signal loss and prominent
“blooming” on SWI/T2*w sequences.

(3) Focal or multifocal involvement as well as the type of enhancement on T1 images after contrast
were evaluated.

Due to the multicenter approach, MRI studies were performed with MR scanners of different
manufacturers at 1.5- to 3.0-Tesla field strengths. Two senior neuroradiologists (L.P. and S.Y.) described
and analyzed the radiological findings of the lesions according to consensus.

The study was reviewed and approved by the Ethics Committee of the University of Liibeck
(vote no. 15-301, 05.11.2015).

3. Results

3.1. Patient Demographics and Outcome

A total of 19 out of 29 children and adolescents included in the original analysis had sufficient
MRI imaging sequences and met the criteria for this study. The 5 girls and 14 boys were between
2 and 18 years (median age, 12 years) (Table 1). The patients suffered from de novo or relapsed
acute lymphoblastic leukemia (ALL, n = 12 and n = 2, respectively), myelodysplastic syndrome
(MDS), T-non-Hodgkin lymphoma (T-NHL), chronic myelogenous leukemia (CML), severe combined
immunodeficiency (SCID), and chronic granulomatous disease (CGD) (one patient each). Of the
19 children, 7 died (37%), 7 (37%) showed no neurological sequelae, and 5 (26%) severe neurological
sequelae in the follow-up. The deceased patients suffered from ALL (n = 4), SCID, CGD, and MDS
(n =1 each) and were between 3 and 18 years old. In all of them, the fungal infection was the cause
of death. All 5 children with severe neurological sequelae had ALL as a primary disease; age varied
between 3 and 14 years.
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Table 1. Patient demographics and outcome.

Patients Number
Female/Male 5/14
Age Number
2-<5yr 5
5-<10yr. 3
10-18 yr. 11
Outcome Number
No severe neurological sequelae 7 (1 infarction)
Severe neurological sequela 5 (3 infarctions)
Deceased 7 (3 infarctions)
Pathogen Number
Aspergillus fumigatus 9

Aspergillus fumigatus, Rhizopus arrhizus
Rhizomucor pusillus
Hyphae
Criteria of probable CNS-IMD without pathogen specified

W Ul ==

Aspergillus spp. was found in 10 patients (one patient had a co-infection with Rhizopus arrhizus)
and one patient suffered from Rhizomucor pusillus. In five patients, hyphae were detected in the CNS
sample, and three patients met the criteria for probable CNS-IMD without an isolated pathogen.
Central nervous system IMD was proven in 11 and probable in 8 patients (Table 1). In all but one
patient, proven or probable IMD was also diagnosed outside the CNS.

Of the seven patients who died, A. fumigatus and Rhizomucor pusillus were isolated in three and
one patients, respectively, and hyphae were detected in two patients. Of the five patients with severe
neurological sequela, A. fumigatus and hyphae were detected in two each (one patient suffered from
co-infection with A. fumigatus/Rhizopus arrhizus). A. fumigatus was detected in five of the seven patients
who survived without severe neurological sequelae, and in one patient, hyphae were detected.

3.2. Diffusion Imaging Aspects and Outcome

Restriction in diffusion was always confirmed on ADC maps. DWI and ADC demonstrated
infarction in seven patients (Tables 1 and 2). Three of the seven patients with infarction died, and
three others had severe neurological sequelae (those who deceased were between three and seven
years of age, and those with severe residual sequelae were between 5 and 14 years of age). Only one
patient (17 years) had a favorable outcome, with the infarction restricted to a small area due to a focal
pericallosal vasculitis. Out of the 7 patients with infarction, one patient suffered from A. fumigatus
and Rhizopus arrhizus co-infection, one from Rhizomucor pusillus infection, and in the remaining five
patients, hyphae have been detected in the CNS.

Table 2. DWI and ADC findings and outcome:.

Central Rim
Outcome Infarction Restricted Restricted Others
Diffusion Diffusion
Total number of patients 7 10 3 2
Died 3 4 1
Severe neurological sequelae 3 3 0 1 (cerebritis)
Favorable outcome 1 (focal pericallosal vasculitis) 3 2 1 (bleeding)

The most common type of non-infarction-DWI restrictions was a central pattern (n = 10), i.e., at the
core of the lesion. Rim restricted diffusion was seen in three patients. There was no correlation between
the pattern of restricted diffusion and outcome (Table 2).
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3.3. T2%, SWI Aspects Compared to Outcome

T2*, SWI findings demonstrated bleeding in 12 of the 19 pediatric patients with CNS-IMD
(Table 3). The MRI aspect in these patients varied from cerebral microbleeds to cluster or perivascular
microbleeding, or parenchymal bleeding. The most frequent MRI finding on T2* W images and SWI
was a hypointense rim (n = 9), which was evenly distributed among the different groups and was not
associated with poor prognosis (four of these patients died, two had severe and three no neurological
sequelae, respectively).

Table 3. T2*, SWI findings and outcome.

Outcome Parenchymal Cluster of Perivascular Rim-Like Vascular
Bleeding Microbleeds  Microbleeding Blooming
Total number of patients 5 4 3 9 2
Died 2 1 2 4 1
Severe neurological sequelae 0 2 1 2 0
Favorable outcome 3 1 0 3 1

Perivascular microbleeding was seen in 3 out of 19 patients, but when present, was related to
poor outcome (two patients died and one had severe neurological sequelae). In these three patients,
A. fumigatus/Rhizopus arrhizus and Rhizomucor pusillus were isolated, whereas in one patient, hyphae
were detected which could not be further specified.

3.4. Parenchymal Abnormalities: Focal and Multifocal Involvement and Outcome

The analysis of sites of involvement and of enhancement in T1 images after contrast demonstrated
that multifocal involvement was not related to poor outcome (Table 4). Of the 15 children with
multifocal involvement, 7 died and 2 suffered from severe neurological sequelae, whereas 6 had a
favorable outcome. Neither of the two patients with a single lobe involvement died.

Table 4. Focal and multifocal involvement, enhancement pattern, and outcome.

Parenchymal Enhancement Enhancement
s Parenchymal Enhancement Enhancement Subependymal .
Outcome Multifocal . . Diffuse
11lobe Ring-Like Nodular No
(Lobes) N Parenchymal
Ventriculitis
Total number of patients 15 2 14 3 2 1
Died 7 0 5 1 1 0
Severe
Neurological sequelae 2 ! 3 ! ! !
Favorable outcome 6 1 6 1 0 0

Multifocal ring enhancement was the most common enhancement pattern seen in
immunocompromised children with CNS-IMD (n = 14) and was evenly distributed among children
who died (1 = 5) and those with severe (1 = 3) or no (1 = 6) neurological sequelae. Nodular enhancement
was not related with poor prognosis, demonstrated in one child in each of the different subgroups
(death, severe neurological sequelae, and no neurological sequelae, respectively). Subependymal
enhancement was seen in two patients, and both had a poor outcome (one died, one had severe
neurological sequelae). In both children, hyphae were detected in the CNS, but no pathogen could
be specified.

4. Discussion

Central nervous system involvement of IMD is seen especially in immunocompromised patients and
is associated with severe morbidity and high mortality [1,2]. As initial symptoms may be uncharacteristic
and subtle, CNS-IMD is often not diagnosed at an early time point. Unfortunately, despite improved
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diagnostic tools, definitive diagnosis remains difficult, which also explains the fact that the exact incidence
of CNS-IMD is unknown [2]. As up to one third of patients with pulmonary IMD are neurologically
asymptomatic despite CNS involvement [1], recent pediatric specific guidelines recommend routine CNS
imaging in patients with proven or probable mold infection outside the CNS [8].

4.1. Interpreting MRI Imaging of Invasive Mold Infection in Children—Diffusion Imaging

DWTI is valuable not only in early diagnosis of CNS-IMD as it detects early infarction, but can also
be beneficial in differentiating these lesions from other entities, such as neoplasms. The presence of
signs of infarction demonstrated in DWI and ADC may indicate a poor outcome, since out of the seven
patients with infarction, only one survived without severe neurological sequelae.

In children with CNS-IMD, the most common type of non-infarction-DWI restrictions was the
central pattern, i.e., at the core of the lesion (Figure 1C). However, there was no correlation between
the pattern of restricted diffusion and outcome.

Figure 1. Multiple foci of hemorrhage with cerebritis and abscess formation in a 10-year-old boy with
acute lymphoblastic leukemia. The patient died due to the fungal infection. The figure demonstrates
the difficulties in differentiating between abscesses and parenchymal bleeding (curved arrows).
1. T1-W without contrast (A) reveals multiple hyperintense foci of hemorrhage (curved arrows) with
gadolinium enhancement of magnetic resonance imaging (MRI) lesions on T1-W image after contrast
(B). Enhancement in areas of parenchymal bleeding may have different patterns, such as ring, focal,
and diffuse-patchy. Because of the hemorrhagic nature of the lesions, a hypointense rim or foci are
usually present in SWI or GRE T2* (D). Factors such as oxyhemoglobin in the hyperacute stage or
extracellular methemoglobin in the late sub-acute stage affect how the DWI (C) signal appears in
the presence of hemorrhage. These substances are thought to give parenchymal hemorrhage the
hyperintense appearance on DWI (curved arrow, C) and low ADC values, which is similar, but usually
not as strong as the restricted diffusion seen in an abscess (straight arrow, C). 2. The abscess (white
straight arrow) shows a small hyperintensity in T1-W without contrast (A), clear restricted diffusion
within the core of the lesion (straight arrow, C) with a ring like enhancing lesion (B) and hypointense
foci in GRE T2* (D). Brain abscesses due to a fungus are usually hypointense on the T1-W image
before contrast, but show small areas of hyperintensity due to the presence of iron, manganese,
or methemoglobin (A).
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Unfortunately, bleeding within the lesions complicates the interpretation of diffusion images
(Figure 1D). In the present analysis, fungal abscess was defined as a nodular (DWI restriction at the
core of the lesion, Figure 1C) or ring-like lesion with rim restricted diffusion restriction (Figure 2C,D).
In immunocompromised patients, fungal abscesses are often multiple and near the grey-white matter
junction due to the hematologic spread of the pathogen (Figure 2) and are usually hypointense on
the T1-W image [9]. Due to the presence of iron, manganese, or methemoglobin, areas of high signal
intensity on unenhanced T1-W images may be seen (Figure 1A). This fact often makes the differential
diagnosis with superimposed hemorrhage difficult (Figure 1A,D).

c

Figure 2. Multiple abscesses in the right hemisphere of a 15-year-old boy with non-Hodgkin lymphoma.
Culture grew Aspergillus fumigatus. The patient is alive with no neurological sequelae. Two lesions are
seen with a slightly hypointense wall on axial T2* image (B), which show well-defined ring enhancement
on the post-contrast T1-W image (A). Diffusion, b = 1000 s/mm? (C) shows ring-like hyperintensity with
low ADC (0.54 x 10-3 mm?/s) (D). Note that fungal abscesses may have a variable imaging appearance
but are often multiple and near the grey—white matter junction. The pattern of diffusion restriction
of the wall without central restriction correlates more with a fungal abscess than a pyogenic abscess.
On DWI/ADC (C and D) the walls as well as the small nodular soft tissue (straight arrows) display
diffusion restriction, while the contents do not show restriction. There is perilesional edema.

Although imaging studies may help to differentiate between fungal and pyogenic abscesses,
imaging findings are unfortunately non-specific for a certain pathogen [10,11]. However, the pattern of
diffusion restriction of the wall without central restriction correlates with a fungal abscess rather than
with a pyogenic abscess (Figure 2C,D). In this respect, the nodular soft tissue seen along the medial
walls of cystic lesions is believed to consist of fungal hyphae, and the low T2 signal of the lesion walls
is supposed to be due to increased iron in fungal elements [9,11].

Pathologically, fungal brain abscesses often show diffuse infiltration of the brain parenchyma with
fungal hyphae beyond the fibrous capsule, and therefore the adjacent brain parenchyma demonstrates
hyperemic changes with granulomas containing fungi, necrotic debris, acute and chronic inflammatory
cells, as well as multinuclear giant cells [12]. This may explain the reported restricted diffusion at the
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wall and within the wall projections and the usual absence of restricted diffusion within the core of the
lesion [13].

4.2. Interpreting MRI Imaging of Invasive Mold Infection in Children—T2% SWI Aspects

The SWI/T2* findings (Figure 1D) indicated parenchymal or microbleeding in 9 of the 19 children,
which is not surprising, as Aspergillus spp. is angio-invasive. The lesions are located not only in the
grey—white matter zone, but, due to the occlusion of smaller perforating arteries, are also found in
the basal nuclei, thalami, corpus callosum, and brainstem. Previous reports describe hemorrhagic
changes in 13% to 39% of patients with cerebral aspergillosis [14-16]. However, these studies did not
include SWI images, which is a more sensitive sequence for bleeding. Consequently, the incidence of
microbleeds is most likely underestimated in these reports. Nine of the analyzed children showed
lesions with a clear or discrete rim-like hypointense signal in the T2* and/or SWI (Figure 2B), but it is
important to note that differentiation between a hypointense signal around an abscess or bleeding
is difficult. The former is probably associated with the presence of ferromagnetic fungal deposits,
methemoglobin in the capsule wall, or free radicals produced by macrophages [15].

In our patient cohort, the presence of parenchymal bleeding was not associated with a poor
outcome. In contrast, two of the three patients with perivascular microbleeding died, and one
had severe neurological sequelae (left-sided hemiparesis). Therefore, it is important to recognize
microbleeding, i.e., cluster and perivascular microbleeding in SWI at an early time point. Microbleeding
can be the first sign of a vasculitis, or it may precede major bleeding complications. Besides bleeding,
focal punctiform hypointensities on SWI/T2* may be explained by the presence of iron, manganese,
and magnesium within the fungal infiltration. This could prove to be a good warning sign for vascular
involvement as a complication of fungal infiltration.

Although SWI images are time consuming, our data suggest that including these sequences in the
routine evaluation of children with suspected CNS-IMD may help in the early diagnosis of CNS-IMD
and may be the first warning sign for later complications such as infarction or major bleeding.

4.3. Interpreting MRI Imaging of Invasive Mold Infection in Children—Parenchymal Involvement and Outcome

Parenchymal involvement of the infection was multifocal in most of the patients and was limited
to one lobe in only two patients. Both of these patients survived. Fungal parenchymal disease can
present as granuloma, cerebritis, and/or abscess formation [2]. None of the analyzed patients showed
granuloma formation, which is uncommon and nonspecific. Cerebritis usually shows as hyperintensity
in T2-W and FLAIR with variable enhancement in children (no, minimal, or clear enhancement),
but it is often difficult to distinguish cerebritis from perilesional edema. In our patient population,
T2-hyperintensity without ring-like lesion was seen in only three patients and was related to cerebritis
without abscess, infarction, and hypoxia, respectively (one patient each).

The kind of enhancement, e.g., ring or nodular enhancement, was not related with poor prognosis.
Ring-like enhancement (Figure 2A), which was observed in 14 of the 19 analyzed patients, was always
associated with perilesional FLAIR-hyperintensity, which may be interpreted as edema with probable
infiltration of the adjacent brain parenchyma.

Subependymal enhancement without ventriculitis was seen in two patients, and can be associated
with poor outcomes as one of these patients died and the other had severe neurological sequelae.

We acknowledge the fact that our study has some limitations, such as the retrospective nature
of the analysis and the fact that not all children of the study period were systematically enrolled,
which is a potential bias. It also remains unclear whether a biopsy ultimately altered the clinical course
of a patient, and either ameliorated or deteriorated the outcome. Although the absolute number of
analyzed patients seems to be relatively small, our study includes one of the largest datasets of pediatric
patients suffering from proven and probable CNS-IMD reported to date, which is a strength of the
analysis. In addition, the analysis of MRI imaging were performed by two senior neuroradiologists,
which provides more reliable results.
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5. Conclusions

Our retrospective analysis of 19 immunocompromised children with CNS-IMD demonstrates
that multifocal ring enhancement and diffusion restriction were the most common brain MRI changes.
Diffusion restriction was mostly seen at the core of the lesion. Perivascular microbleeding seen on
SWI and/or gradient-echo/I2* images, as well as infarction, were associated with later poor prognosis,
whereas the distribution of the lesions was not predictive for outcome.

We suggest including SWI sequences in routine diagnostic evaluation of immunocompromised
children with suspected CNS-IMD.

Author Contributions: L.P. and T.L. designed the analysis and wrote the manuscript. L.P, S.-].Y. and E.H.
analyzed the images. T.L., A.H.G. and M.L. analyzed the microbiological findings and clinical data. A.A., G.C.,
M.D.,OM,, UM, EP,C.T,S.V, AH.G. and M.L. contributed patients’ clinical data and images. All authors have
read and agreed to the published version of the manuscript.

Funding: The study was supported by an unrestricted grant by the Elfriede-Haaren-Stiftung (Foundation),
Liibeck, Germany.

Conflicts of Interest: The authors have no conflicts of interest relevant to this article to disclose.

References

1. Lauten, M.; Attarbaschi, A.; Cario, G.; Doring, M.; Moser, O.; Miicke, 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, €27806. [CrossRef] [PubMed]

2. Ha8Bler, A.; Porto, L.; Lehrnbecher, T. Cerebral Fungal Infection in Pediatric Cancer Patients. Curr. Fungal
Infect. Rep. 2015, 9, 6-14. [CrossRef]

3. Wang, Y,; Roilides, E.; Qiao, L.; Zhao, F. Infant Central Nervous System Aspergillosis with First-episode of
Intracranial Hemorrhage. Medicine 2017, 96, e8893. [CrossRef] [PubMed]

4.  Blazicevich-Carrillo, L.; Camacho, L.M.C.; Carrizosa, J.; Cornejo, W. Clinical and radiological findings in two
cases of aspergillosis of the central nervous system in children. Rev. Neurol. 2003, 36, 632-635.

5. Gupta, K,; Banerjee, A.; Saggar, K.; Ahluwalia, A.; Saggar, K. A prospective study of magnetic resonance
imaging patterns of central nervous system infections in pediatric age group and young adults and their
clinico-biochemical correlation. J. Pediatr. Neurosci. 2016, 11, 46-51. [CrossRef] [PubMed]

6.  Sung, L,; Phillips, R.; Lehrnbecher, T. Time for paediatric febrile neutropenia guidelines—Children are not
little adults. Eur. . Cancer 2011, 47, 811-813. [CrossRef] [PubMed]

7. Lehrnbecher, T.; Rath, PM.; Attarbaschi, A.; Cario, G.; Doéring, M.; Moser, O.; Miicke, U.; Poyer, E; Rieken, S.;
Temme, C.; et al. Galactomannan and PCR in the Central Nervous System to Detect Invasive Mold Disease—A
Retrospective Analysis in Immunocompromised Children. Sci. Rep. 2019, 9, 1-5. [CrossRef] [PubMed]

8. Tibanyenda, N.; De Bruin, S.H.; Haasnoot, C.A.; Van Der Marel, G.A.; Van Boom, ]J.H.; Hilbers, C.-W.
The effect of single base-pair mismatches on the duplex stability of d(T-A-T-T-A-A-T-A-T-C-A-A-G-T-T-G) -
d(C-A-A-C-T-T-G-A-T-A-T-T-A-A-T-A). |BIC ]. Biol. Inorg. Chem. 1984, 139, 19-27. [CrossRef] [PubMed]

9.  Britt, RH.; Enzmann, D.R,; Placone, R.C.; Obana, W.G.; Yeager, A.S. Experimental anaerobic brain abscess.
J. Neurosurg. 1984, 60, 1148-1159. [CrossRef] [PubMed]

10. Antulov, R; Dolic, K.; Fruehwald-Pallamar, J.; Miletic, D.; Thurnher, M.M. Differentiation of pyogenic
and fungal brain abscesses with susceptibility-weighted MR sequences. Neuroradiology 2014, 56, 937-945.
[CrossRef]

11. Luthra, G,; Parihar, A.; Nath, K,; Jaiswal, S.; Prasad, K.; Husain, N.; Husain, M.; Singh, S.; Behari, S.; Gupta, R.
Comparative Evaluation of Fungal, Tubercular, and Pyogenic Brain Abscesses with Conventional and
Diffusion MR Imaging and Proton MR Spectroscopy. Am. ]. Neuroradiol. 2007, 28, 1332-1338. [CrossRef]

12.  Aljuboori, Z.; Hruska, R.; Yaseen, A.; Arnold, F.; Wojda, B.; Nauta, H.]. Fungal brain abscess caused by
“Black Mold” (Cladophialophora bantiana)—A case report of successful treatment with an emphasis on how
fungal brain abscess may be different from bacterial brain abscess. Surg. Neurol. Int. 2017, 8, 46. [CrossRef]
[PubMed]


http://dx.doi.org/10.1002/pbc.27806
http://www.ncbi.nlm.nih.gov/pubmed/31066209
http://dx.doi.org/10.1007/s12281-014-0213-y
http://dx.doi.org/10.1097/MD.0000000000008893
http://www.ncbi.nlm.nih.gov/pubmed/29382019
http://dx.doi.org/10.4103/1817-1745.181244
http://www.ncbi.nlm.nih.gov/pubmed/27195033
http://dx.doi.org/10.1016/j.ejca.2011.01.021
http://www.ncbi.nlm.nih.gov/pubmed/21371884
http://dx.doi.org/10.1038/s41598-019-49426-0
http://www.ncbi.nlm.nih.gov/pubmed/31506548
http://dx.doi.org/10.1111/j.1432-1033.1984.tb07970.x
http://www.ncbi.nlm.nih.gov/pubmed/6698006
http://dx.doi.org/10.3171/jns.1984.60.6.1148
http://www.ncbi.nlm.nih.gov/pubmed/6610026
http://dx.doi.org/10.1007/s00234-014-1411-6
http://dx.doi.org/10.3174/ajnr.A0548
http://dx.doi.org/10.4103/sni.sni_448_16
http://www.ncbi.nlm.nih.gov/pubmed/28480108

J. Fungi 2020, 6, 226 10 of 10

13.  Mathur, M.; Johnson, C.E.; Sze, G. Fungal Infections of the Central Nervous System. Neuroimaging Clin.
North Am. 2012, 22, 609-632. [CrossRef]

14. Dietrich, U.; Hettmann, M.; Maschke, M.; Doerfler, A.; Schwechheimer, K.; Forsting, M. Cerebral aspergillosis:
Comparison of radiological and neuropathologic findings in patients with bone marrow transplantation.
Eur. Radiol. 2001, 11, 1242-1249. [CrossRef] [PubMed]

15. Marzolf, G.; Sabou, M.; Lannes, B.; Cotton, PE; Meyronet, D.; Galanaud, D.; Cottier, J.-P; Grand, S.;
Desal, H.; Kreutz, ].; et al. Magnetic Resonance Imaging of Cerebral Aspergillosis: Imaging and Pathological
Correlations. PLoS ONE 2016, 11, e0152475. [CrossRef] [PubMed]

16. Yamada, K.; Shrier, D.A.; Rubio, A.; Shan, Y.; Zoarski, G.H.; Yoshiura, T.; Iwanaga, S.; Nishimura, T.;
Numaguchi, Y. Imaging findings in intracranial aspergillosis. Acad. Radiol. 2002, 9, 163-171. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.nic.2012.04.004
http://dx.doi.org/10.1007/s003300000756
http://www.ncbi.nlm.nih.gov/pubmed/11471618
http://dx.doi.org/10.1371/journal.pone.0152475
http://www.ncbi.nlm.nih.gov/pubmed/27097323
http://dx.doi.org/10.1016/S1076-6332(03)80166-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Patient Demographics and Outcome 
	Diffusion Imaging Aspects and Outcome 
	T2*, SWI Aspects Compared to Outcome 
	Parenchymal Abnormalities: Focal and Multifocal Involvement and Outcome 

	Discussion 
	Interpreting MRI Imaging of Invasive Mold Infection in Children—Diffusion Imaging 
	Interpreting MRI Imaging of Invasive Mold Infection in Children—T2*/ SWI Aspects 
	Interpreting MRI Imaging of Invasive Mold Infection in Children—Parenchymal Involvement and Outcome 

	Conclusions 
	References

