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Objective: To investigate the prognostic factors influencing the outcomes of
children with invasive fungal infection in pediatric intensive care unit (PICU) and
explore the effects of changes in clinical characteristics before and after the
COVID-19 pandemic on treatment outcomes.

Methods: In total, 665 children with invasive fungal infections from the
PICUs of four hospitals in China were retrospectively enrolled from January
2017 to December 2021. These children were categorized into an effective
treatment group (336 cases) and a failure group (329 cases, including treatment
abandonment and death) based on prognosis. Clinical data were compared
between the pre-pandemic period (2017-2019, 421 cases) and the post-
pandemic period (2020-2021, 244 cases). Univariate and multivariate logistic
regression analyses were used to identify the factors related to prognosis.

Results: Prognostic factors: Independent risk factors for treatment failure
included agranulocytosis (OR = 3.389, 95% Cl 1.518-6.287), hematological
malignancies (OR = 3.050, 95% Cl 1.544-5.986), blood transfusion (OR = 2.239,
95% Cl 1456-3.442), invasive mechanical ventilation (OR =1938, 95% CI
1.158-3.243), and indwelling urinary catheter (OR = 1.750, 95% CI 1.048-2.924).
The independent protective factor was identified fungal pathogens (OR = 0.588,
95% Cl 0.362—-0.956). Pre- and post-pandemic comparisons revealed that the
co-infection rate decreased after pandemic (77.9% vs. 70.5%, p < 0.05), the
proportion of identified fungal pathogens increased (60.6% vs. 68.0%, p = 0.054),
whereas, the treatment failure rate was significantly higher (45.8% vs. 55.7%,
p < 0.05). Changes in fungal species after the pandemic: The proportions of
Candida and Aspergillus had decreased (89.0% vs. 75.9%, p < 0.05; 8.2% vs. 6.0%,
p > 0.05), whereas those of Pneumocystis jirovecii and other fungal species had
increased significantly (0.4% vs. 7.8, 2.4% vs. 10.2%, all p < 0.05).
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Conclusion: Agranulocytosis, hematologic malignancies, invasive mechanical
ventilation, indwelling urinary catheter and blood transfusion are independent
risk factors for adverse outcomes with invasive fungal infections in PICU, and
identifying the pathogen can improve outcomes. Post-pandemic changes in
fungal species and cumulative risk factors may have offset the potential benefits
of reduced co-infection rates, leading to increased treatment failure rates.
Therefore, it is necessary to optimize invasive procedure management and
provide early coverage for emerging pathogens in high-risk children.

KEYWORDS

invasive fungal infection, critically ill children, prognosis, COVID-19 pandemic,

co-infection

1 Introduction

Invasive fungal infections (IFIs) are caused by opportunistic
pathogens, and the risk of infection is determined by the interplay of
host susceptibility and environmental exposure. Despite advancements
in medical technology, the morbidity and mortality rates associated
with IFIs remain high to date. Fungal infections account for 20% of all
the microbiologically confirmed infections in intensive care units
(ICUs) (Vincent et al., 2009). Among critically ill adults, IFI-associated
mortality ranges from 40 to 60%, whereas pediatric invasive
aspergillosis (IA) is associated with an even higher mortality rate of
up to 70%, making IFI a major threat to survival for PICU patients
(Garnacho-Montero et al., 2018; Hon et al., 2024; Pardo et al., 2019;
Reizine et al., 2024). Co-infections, particularly with multiple
pathogens, may result in worse clinical outcomes because of
compounded immunosuppression (Zhao et al., 2021). The national
containment measures adopted during and after the COVID-19
pandemic significantly reduced the overall pathogen detection and
co-infection rates (Achangwa et al.,, 2022; Sauteur et al, 2022),
although systematic studies on how respiratory virus epidemiology
impacts IFI prognosis or pathogen distribution in children are lacking
even today. In this regard, the present research was designed as a
retrospective study to analyze the clinical and microbiological data of
IFI patients admitted to the PICUs across four Chinese hospitals
between January 2017 and December 2021. The study, through a
comparison of the pre-pandemic and post-pandemic periods, aimed
to identify the prognostic factors for poor outcomes and provide
evidence-based guidance for early clinical intervention in
these patients.

2 Methods
2.1 Study subjects

Case screening: This multicenter retrospective study reviewed the
medical records of the pediatric patients diagnosed with IFI admitted
to the PICUs of the Children’s Hospital Affiliated to with Zhengzhou
University, Shanghai Fudan University Children’s Hospital, Hunan
Children’s Hospital, and Guangzhou Women and Children’s Medical
Center between 1 January 2017 and 31 December 2021. When this
study ended, China was still under epidemic control measures, and it
was confirmed that none of the included PICUs had any cases of
COVID-19 infection. Patients meeting the following criteria were

Frontiers in Microbiology

enrolled in this study: (1) aged 1 month to 18 years; (2) underwent
pathogenic microbiological testing; (3) met the diagnostic criteria for
IFI (Donnelly et al., 2020) (including possible, probable, and proven
cases). Patients with incomplete data were excluded. In total, 665 cases
were included in the final analysis.

2.2 Collection of clinical data and study
grouping

Clinical data of the included children were retrieved from the
electronic medical record systems of the respective hospital. (1)
General information: Basic demographics, underlying diseases, and
routine laboratory tests. (2) Host risk factors: presence of invasive
mechanical ventilation (IMV), agranulocytosis, immunosuppressive
therapy, parenteral nutrition, malnutrition, indwelling intravascular
catheters, blood purification, extracorporeal membrane oxygenation
(ECMO), surgical procedures, blood transfusions, and indwelling
urinary catheters. (3) Co-infections at the time of IFI diagnosis:
Pathogen data including fungal, bacterial, and viral infections. (4)
Prognostic indicators: length of stay in the PICU (PICU LoS), length
of stay in the hospital (hospital LoS), and treatment outcomes:
effective (the remission or disappearance of the clinical manifestations
related to IFI in children during hospitalization) or failure (the disease
progression leading to treatment abandonment and in-hospital death).

Patients were classified into the following groups based on
treatment outcomes: the treatment-effective group and the treatment-
failure group. IFI patients admitted to the PICU between 1 January
2017 and 31 December 2019 were categorized into the pre-pandemic
group, whereas those admitted between 1 January 2020 and 31
December 2021 were categorized into the post-pandemic group.

2.3 Statistical analysis

Data analysis was performed using SPSS 23.0 statistical software,
and GraphPad Prism 9.5 was used for plotting graphs. Continuous
data were tested for normality using the Shapiro-Wilk test. Normally
distributed data were presented as the means + standard deviations
(X£s), whereas the non-normally distributed data were presented as
medians (P,s5, P;5). Intergroup comparisons for non-normally
distributed data were conducted using the Kruskal-Wall is test.
Categorical data were expressed as numbers (%), and intergroup
differences were assessed using the Chi-squares test. Variables with
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statistical significance in the univariate analysis were included in a
multivariate logistic regression model, and a forest plot was generated.
A two-sided p < 0.05 indicated statistical significance.

3 Results

In total, 665 children were included in this analysis, among which
397 were males and 268 were females (median age: 18 months).
Among these cases, 336 cases were placed in the effective treatment
group, and 329 were placed in the failure group (including 218 cases
of treatment abandonment and 111 cases of in-hospital mortality),
leading to a treatment failure rate of 49.5%. Statistically significant
differences (p < 0.05) were noted between the two groups in terms of
age, weight, PICU LoS, hospital LoS, proportion of patients with
hematologic malignancies, and diagnostic stratification. Compared to
the patients in the effective group, those in the failure group were older
and had greater weights, shorter PICU/hospitalization durations, and
a greater proportion of hematologic malignancies (Table 1).

3.1 Host risk factors in IFl patients

Compared to the treatment-effective group, the treatment-failure
group presented significantly higher utilization rates of IMYV,
agranulocytosis, immunosuppressants, intravascular catheters, blood
purification, ECMO, blood transfusion, and indwelling urinary
catheters (p < 0.05). The treatment failure group presented higher
rates of parenteral nutrition and malnutrition incidence compared to
the effective treatment group, along with fewer surgical interventions,
although these differences lacked statistical significance (p > 0.05). The
effective treatment group had a greater proportion of children with
identified fungal pathogens (p < 0.05) (Table 2).

3.2 Distribution of fungal species,
treatment outcomes, and co-infections
with common pathogens

The pathogens of IFI in the PICU were predominantly Candida
species, with Candida albicans being the most common one, followed
by Candida parapsilosis, Candida tropicalis, and Candida glabrata
(Figure 1). Treatment failure rates varied among different fungal
species, with the highest treatment failure rate of 82.6% noted for the

10.3389/fmicb.2025.1605960

other fungal species category (including Mucor, Talaromyces
marneffei, Geotrichum capitatum, Cryptococcus, etc.), followed by
Aspergillus species (71.2%) (Table 3). The pure fungal infection rate
was 24.8%, whereas co-infections accounted for 75.2%. Among
co-infections, fungal-bacterial co-infections accounted for 65.9%,
with Acinetobacter baumannii being the most common bacterial
pathogen causing co-infection. Fungal-viral co-infections accounted
for 22.1%, and cytomegalovirus was the most frequently detected
virus (Figure 2 and Table 4).

3.3 Forest plot of the results from
multivariate logistic regression analysis for
pediatric patients with IFI

The factors with p < 0.05 identified in the univariate analysis
results, presented in Tables 1, 2, were utilized to establish the
multivariate logistic regression model to explore their impact on
treatment failure in children with IFI in PICU. The results indicated
that PICU LoS and hospital LoS, agranulocytosis, hematologic
malignancies, blood transfusion, IMV, indwelling urinary catheter,
and identified fungal pathogen were independent factors influencing
treatment outcomes. Among these factors, identified fungal pathogen
was a protective factor, whereas the others were risk factors. The
results were visualized in the form of a forest plot (Figure 3).

3.4 The results of multivariate logistic
regression were utilized to analyze the
clinical data and fungal species
distributions in the pre-pandemic and
post-pandemic groups of children with IFI

The co-infection rate in the post-pandemic group decreased
significantly (p < 0.05), whereas the proportion of children with
identified fungal pathogens increased compared to the pre-pandemic
group. However, the post-pandemic group presented significantly
higher rates of agranulocytosis, hematologic malignancies, blood
transfusions, IMV, and indwelling urinary catheters compared to the
pre-pandemic group (all p < 0.05), and a similar trend was noted for
the treatment failure rate (p < 0.05). Post-pandemic, the proportions
of Candida and Aspergillus decreased, whereas those of P, jirovecii and
other fungal species increased markedly (p < 0.05) (Table 5 and
Figure 4).

TABLE 1 Comparison of baseline and clinical characteristics between the effective treatment group and the treatment failure group.

Age Weight Sex PICU Hospital hematologic Diagnostic stratification
(months) (kg) (Nl/f)le’ Iac;Sy/ LoS/day = malignancies Possible . Probable | Proven
cases cases cases

Treatment-effective | 12.5 (4.0,52.8) 9.0 212 (63.1) 20.5 30.0 19 (5.7) 80 (23.8) 166 (49.4) 90 (26.8)
(n=336) (5.7,15.0) (103,38.0) | (19.0,48.0)
Treatment-failure | 28.0 (7.0,83.5) 11.0 185 (56.2) 16.0 25.0 73 (22.2) 116 (35.3) 102 (31.0) 111 (33.7)
(n=329) (6.6,20.6) (7.0,33.5) (12.0,42.0)
Xz —4.179 -3.793 3.255 2,919 —4.303 38.120 24.019
p-value 0.000 0.000 0.071 0.004 0.000 0.000 0.000

Data are presented as the median (IQR) or frequency (%). Los, length of stay.
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TABLE 2 Comparison of host risk factors between the effective treatment group and the treatment failure group.

Agranulocytosis IS PN  Malnutrition ECMO Surgery BT

Treatment- 187 17 (5.1) 35 57 108 (32.1) 177 40 6(1.8) 80 (23.8) 146 157 227
effective (55.7) (104) | (17.0) (527) | (11.9) (435) | (467) | (67.6)
(n=336)

Treatment- 268 66 (20.1) 52 73 122 (37.1) 243 84 15(4.6) | 62(18.8) 241 245 194
failure (81.5) (15.8) | (22.2) (73.9) | (25.5) (73.3) | (74.5) | (59.0)
(n=329)

Xz 51.228 34.246 4.245  2.885 1.792 32052 | 20349 4183 2.440 60.678 = 53512 5284
P-value 0.000 0.000 0.039 | 0.089 0.181 0.000 | 0.000 0.041 0.118 0.000 | 0.000 | 0.022

Data are presented as frequency (%). IMV, invasive mechanical ventilation; IS, immunosuppressants; PN, parenteral nutrition; IVC, intravascular catheter; BP, blood purification; ECMO,
extracorporeal membrane oxygenation; BT, blood transfusion; IUC, indwelling urinary catheter; IFP, identified fungal pathogen.
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FIGURE 1

Proportion of different fungal species in children with invasive fungal infections in PICU (%). The larger purple pie chart represents Candida infections,
the smaller one illustrates the species-specific distribution of Candida infections.
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TABLE 3 Treatment outcomes.

Candida

Fungal species

Aspergillus

Pneumocystis jirovecii Other fungi

Treatment failure rates (%) 144/353 (40.8)

23/31(71.2)

8/14 (57.1) 19/23 (82.6)

4 Discussion

Invasive fungal infections represent a major global public health
challenge, with a disease burden far exceeding the previous estimates.
According to recent report, over 6.55 million annual cases of invasive
fungal diseases occurred worldwide, leading to 3.8 million deaths,
among which 2.5 million deaths were directly attributable to fungal
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infections, which is a significant increase from the previous estimates
of 1.5 million deaths per year (Ikuta et al., 2024). In critically ill
patients, especially those with high mortality rates and incurring
exorbitant medical costs, critical care medicine has become an urgent
issue. In this regard, the present study explored the potential
prognostic factors, identifying agranulocytosis, hematological
malignancies, blood transfusions, IMV, and indwelling urinary
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TABLE 4 Co-infections with common pathogens.

Classification Pure Fungal-
bacterial co-

infections

Fungal-
viral co-
infections

fungal
infection

The proportion (%) 165/665 (24.8) 438/665 (65.9) 147/665 (22.1)

catheters as risk factors, while identified fungal pathogen was revealed
as a protective factor. Additionally, a longitudinal comparative analysis
was conducted between the pre-pandemic and post-pandemic data of
the included patients, which revealed a significant increase in
treatment failure rates among children with invasive fungal infections
in the PICU during the post-pandemic period, suggesting that public
health events may indirectly affect the fungal infection prevention and
control system of a hospital.

The epidemiological characteristics of IFI are heterogeneous
across regions, populations, and underlying medical conditions. This
study revealed that Candida species constitute the predominant
pathogens of IFI (83.8%), with Candida albicans being the dominant
one (63.7%). Among non-albicans Candida species, the top three
species were Candida parapsilosis (13.3%), Candida tropicalis (11.6%),
and Candida glabrata (6.2%), and their distribution revealed in this
study was consistent with the pathogen composition trend of invasive
Candida infection in China (Duan et al., 2021). Aspergillus was the
second most common pathogen (6.3%), and its proportion was
consistent with the domestic and international surveillance data
(about 6.0-12%) (Montagna et al., 2013; Webb et al., 2018; Zhang and
Ren, 2016). The detection of P, jirovecii (3.3%) and other fungal species
(5.5%) highlights the need to monitor pathogen spectrum changes
during immunocompromised states. The mortality associated with IFI
often reaches 50% due to complex comorbidities and critical illness in
the PICU (Charsizadeh et al., 2018; Ikuta et al., 2024; Li et al., 2024;
Montagna et al., 2013). This study defined treatment failure as the
involvement of clinical deterioration followed by treatment
abandonment and death. Treatment abandonment has become an
important cause of death in children in the PICU. In this study, the
treatment failure rates for Candida species and P, jirovecii infections
were observed to be 40.8 and 57.1%, respectively, which is consistent
with previous reports (Charsizadeh et al., 2018; Tkuta et al., 2024; Li
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et al., 2024; Montagna et al., 2013). The treatment failure rate for
Aspergillus spp. and other fungal species is particularly notable:
Aspergillus spp. presented a treatment failure rate of 71.2%, which is
consistent with the reported 70% mortality of pediatric aspergillosis
(Hon et al., 2024). The treatment failure rate for other fungal species
was as high as 82.6%, with all six cases of mucormycosis ending in
death or treatment discontinuation, underscoring the notoriously
poor prognosis of mucormycosis. Li et al. (2024) reported 57%
in-hospital mortality for PICU patients with IFI, with no survivors
among mucormycosis patients. Compared to the other types of IFI,
aspergillosis and mucormycosis have more elevated mortality risks in
critically ill patients, and this suggests the necessity of prioritized
prevention and control measures in intensive care unit (ICU) settings
for those patients.

This study also revealed the key factors influencing treatment
outcomes in children with IFIs in the PICU through a multivariate
logistic regression analysis. The primary findings demonstrated that
host immunosuppression status significantly impacted prognosis, with
children having agranulocytosis presenting a 3.389-fold increased risk
of treatment failure (OR = 3.389), whereas those with hematologic
malignancies presented a 3.050-fold greater risk of treatment failure
compared to the non-hematologic malignancy patients (OR = 3.050).
These immunocompromised states exacerbate fungal susceptibility,
delayed diagnosis, and disseminated infections, collectively worsening
the prognosis. Faraci et al. (2014) reported that the 90-day cumulative
survival rate in children with malignant diseases was 51.2% lower than
that in those with non-malignant diseases (75.0% vs. 36.8%, p = 0.03),
indicating that the host immune status not only influences the clinical
progression of fungal infections but may also affect outcomes by
altering host-pathogen interactions. The secondary risk factors
included blood transfusion, IMV, and indwelling urinary catheters
(OR =2.398, 1.938, and 1.750, respectively). Consistent with these
findings, immunosuppressive status, mechanical ventilation, and
blood transfusion were identified as the top three risk factors for IFIs
in critically ill patients in a meta-analysis by Thomas-Riiddel et al.
(2022). The association between massive blood transfusions and
fungal infections may stem from the synergistic effects of patients’
immunosuppressed baseline status, medical interventions, and
transfusion-related complications (Abad et al., 2020; Thomas-Riiddel
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Variables OR (95% CI) P-value
Age . 1.003(0.995-1.011) 0.456
Weight . 1.003(0.974-1.034) 0.832
PICU Los M 1.022(1.007-1.037) 0.004
Hospital Los . 0.953(0.967-0.980) 0.000
Agranulocytosis 3.389(1.518-6.287) 0.002
Hematologic malignancies 3.050(1.544-5.986) 0.001
BT B — 2.239(1.456-3.442) 0.000
IMV P 1.938(1.158-3.243) 0.012
ucC H—— 1.750(1.048-2.924) 0.033
IFP + 0.588(0.362-0.956) 0.032
Diagnostic stratification 0.123
Possible cases reference
Probable cases —ai 0.774(0.466-1.286) 0.322
Proven cases — 1.222(0.685-2.179) 0.498
BP —l— 1.424(0.849-2.389) 0.180
IvVC —— 1.139(0.696-1.863) 0.604
IS —— 0.900(0.492-1.646) 0.732
ESHD ; 1.710(0.586-4.987) 0.326
9 1 2 3_4 5 7 8 9
Protective factor ~ Risk factor
FIGURE 3
Forest plot showing odds ratios of multivariate logistic regression analysis. Los, length of stay; BT, blood transfusion; IMV, invasive mechanical
ventilation; IUC, indwelling urinary cathete; IFP, identified fungal pathogen; BP, blood purification; IVC, intravascular catheter; IS, immunosuppressants;
ECMO, extra corporeal membrane oxygenation; OR, odds ratio; Cl, confidence interval.

TABLE 5 Comparison of pre-pandemic and post-pandemic clinical data.

Groups PICU Hospital Co- IFP  Agranulocytosis Hematologic BT Treatment
LoS/ LoS/day infection malignancies failure
day

Prepandemic 19.0 27.0 328 (77.9) 255 34(8.1) 37(8.8) 232 263 225 193 (45.8)

(421) (10.0,37.0)  (16.0,43.0) (60.6) (55.1)  (62.5) = (53.4)

Postpandemic 18.0 28.0 172 (70.5) 166 49 (20.1) 55 (22.5) 155 192 177 136 (55.7)

(244) (7.035.0) | (15.0,46.0) (68.0) (635)  (787)  (72.5)

Xz ~1.536 ~0.194 4.556 3.704 20.384 24.508 4499  18.805 = 23.563 6.050

P-value 0.125 0.846 0.033 0.054 0.000 0.000 0.034 | 0.000  0.000 0.014

Data presented are median (IQR) or frequency (%) values. Los, length of stay; IFP, identified fungal pathogen; BT, blood transfusion; IMV, invasive mechanical ventilation; IUC, indwelling

urinary catheter.

et al., 2022). Mechanical ventilation increases the risk of death in
pediatric patients with hematologic malignancies by 34-fold and
serves as an independent predictor of 28-day mortality in ICU patients
with fungemia (Dursun et al., 2020; Paiva et al,, 2016). Indwelling
urinary catheters may lead to mucosal barrier disruption and biofilm
formation, particularly when combined with immunosuppression,
prolonged catheterization, and improper handling; these high-risk
factors synergistically increase the risk of fungal infections (Thomas-
Riiddel et al, 2022). These invasive procedures compromise the
physiological barriers, providing entry pathways for opportunistic
pathogens. Therefore, adhering to standardized clinical protocols and
reinforcing infection control measures in clinical practice are
important. Paradoxically, patients in the treatment failure group had
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shorter PICU LoS and hospital LoS compared to those in the effective
treatment group. This was probably due to early death or treatment
discontinuation in critical conditions in the former. Although
regression analysis revealed significant associations between
hospitalization duration and outcomes, the OR values approached 1
(1.022 and 0.953), excluding PICU LoS and hospital LoS from the final
risk model.

This study not only identified the independent risk factors
affecting the prognosis of IFI but also revealed identified fungal
pathogen as a significant protective factor (OR = 0.588, 95% CI
[0.362-0.956]). Previous studies have reported that early
recognition of bacterial-fungal co-infections contributes to a better
implementation of precise antimicrobial therapy for Pneumocystis
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pneumonia, which has been confirmed as a core strategy to reduce
mortality and improve outcomes in these patients (Wu et al., 2021).
Patients receiving high-dose or prolonged immunosuppressive
therapy exhibit significantly increased mortality, whereas early
diagnosis and treatment effectively increase survival rates (Riley,
2021). However, caution is warranted to avoid excessive antifungal
usage in colonized patients. A recent study published in The Lancet
Infectious Diseases revealed that IFI contributes to about 1.5
million deaths globally every year, with the lack of definitive
diagnosis and delayed treatment reported as the leading causes of
death (Ikuta et al., 2024). Consequently, precise etiological
diagnosis has become the cornerstone of improving anti-infective
treatment efficacy. Although antifungal therapies have advanced,
the continuing use of traditional diagnostic methods frequently
causes delays in the treatment of critically ill patients, leading to
poor outcomes. In this context, novel diagnostic technologies play
a crucial role in terms of clinical value. Molecular approaches,
including specific antigen detection, fungal nucleic acid
amplification, and metagenomics next-generation sequencing
(mNGS), have provided breakthrough directions for early IFI
diagnosis. Jia et al. (2023) confirmed that mNGS outperforms
conventional microbiological methods in pulmonary aspergillosis
diagnosis, offering faster pathogen detection and greater accuracy.
However, standardizations of these emerging technologies through
large-scale clinical studies and comprehensive evaluations
incorporating host immunity, clinical manifestations, and
radiological features are nonetheless warranted.

This study enrolled 665 pediatric patients, among whom 438
(65.9%) had fungal-bacterial co-infections, with Acinetobacter
baumannii, Pseudomonas aeruginosa, and Klebsiella pneumoniae being
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the predominant bacteria causing these co-infections. Additionally,
147 patients (22.1%) presented with viral co-infections, with
cytomegalovirus (CMV) being the most common virus. The
co-infection rates varied across studies, probably due to differences in
the population characteristics, immune status, and geographic factors
of subjects included in these studies. For example, Zhao et al. (2021)
reported bacterial and viral co-detection rates of 40.3 and 17.6%,
respectively, in pulmonary fungal infections. Gangneux et al. (2022)
reported bacterial ventilator-associated pneumonia in 73% and herpes
simplex virus type 1 or CMV infection in 15-10% of all mechanically
ventilated patients with IFI. Co-infections significantly worsen
prognosis, fungal-CMV co-infection increases mortality, and
Pseudomonas aeruginosa co-infection is correlated with severe clinical
manifestations and poor outcomes (Granchelli et al., 2018; Lécuyer
etal, 2022; Wu et al,, 2021). Following the COVID-19 pandemic, the
incidence and detection rates of common respiratory viruses and
Mycoplasma pneumoniae in children significantly decreased
(Achangwa et al., 2022; Sauteur et al., 2022; Zhu et al., 2023).
Containment measures contributed to reduced sepsis-related
incidence and mortality in hospital settings (Dutta et al., 2022;
Mukherjee et al., 2023). These findings suggest that the control
measures adopted during the pandemic effectively suppress the
transmission of respiratory pathogens. This study also revealed a
notable decline in co-infection rates post-pandemic compared to the
pre-pandemic rates (77.9% vs. 70.5%, p <0.05); however, the
treatment failure rate for IFI tended to increase post-pandemic (45.8%
vs. 55.7%, p < 0.05). This may be related to the following factors of the
interaction: (1) Changes in high-risk population characteristics: Post-
pandemic, there has been an increased proportion of neutropenic
patients and children with hematological malignancies, coupled with
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an increase in invasive procedures. These factors may have offset the
potential benefits of reduced mixed infection rates. Nucci et al. (2021)
reported that the increasing incidence of candidemia in
non-COVID-19 patients is correlated to an increased exposure to risk
factors. (2) The fungal pathogen spectrum has undergone significant
changes since the pandemic happened, with a decline in the
proportions of Candida and Aspergillus genera, whereas the
proportions of P. jirovecii and other fungal genera have markedly
increased (p < 0.05). In the WHO Fungal Priority Pathogens List
(FPPL) (Casalini et al., 2024), P. jirovecii has been elevated to the
highest critical priority tier because of the expansion of its at-risk
populations and the associated therapeutic challenges. Other fungal
genera, characterized by low clinical incidence, diagnostic difficulties,
and high mortality, further exacerbate the clinical management
challenges. (3) Limitations of disinfection measures: Alcohol-based
hand sanitizers, which were used widely during the pandemic, are
effective against bacteria and viruses but exhibit limited efficacy in
terms of inactivating fungal spores, which could have increased the
risk of fungal colonization in hospital settings (Rutala and Weber,
2008). In summary, this study revealed the dual impact of pandemic
control measures on co-infection rates: while these measures reduced
the transmission of non-fungal pathogens, they failed to improve
clinical outcomes in children with IFI and even worsened the clinical
outcomes in certain cases due to pathogen spectrum changes and
host factors.

This study employed a multicenter retrospective design to
systematically analyze the prognostic factors of invasive fungal
infections in the PICU. By including all the eligible cases reported over
5 years, selection bias was effectively controlled. Through multivariable
logistic regression models, risk factors and protective factors were
comprehensively identified. Furthermore, this study revealed the
potential effects of pandemic control measures on IFI outcomes: after
the pandemic, co-infection rates decreased, but shifts in fungal species
distributions and increased exposure to multiple risk factors for IFI
were observed, which led to elevated treatment failure rates. The
findings of this study would provide evidence-based insights for
optimizing the clinical management of IFI and important information
for designing pediatric public health policies. However, the
retrospective design of the study inherently limits the complete
elimination of confounding factors, and further prospective studies
are recommended.

Moreover, the treatment failure rates of invasive fungal
infections in PICU patients remain high to date, and special
attention should be paid to children with agranulocytosis and
hematologic malignancies. Identifying fungal pathogens as early as
possible, strictly controlling the indications, and using standardized
procedures for blood transfusions, IMV, indwelling catheters, and
other invasive interventions could improve the clinical outcomes in
these patients.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Frontiers in Microbiology

10.3389/fmicb.2025.1605960

Ethics statement

The studies involving humans were approved by Ethical
Committee of Children’s Hospital affiliated to Fudan University [No.
95(2022)] and Ethical Committee of Henan Children’s Hospital,
Zhengzhou Childrens Hospital (2022-H-K08). The studies were
conducted in accordance with the local legislation and institutional
requirements. The ethics committee/institutional review board waived
the requirement of written informed consent for participation from
the participants or the participants’ legal guardians/next of kin
because (1) this study is a retrospective design that does not intervene
treatment and does not increase subject risk. (2) The data are
anonymous, and does not involve personal privacy or commercial
interests. The requirement for informed consent was therefore waived.

Author contributions

YD: Writing - original draft, Formal analysis, Writing - review &
editing. LHu: Writing - review & editing, Data curation,
Conceptualization. XL: Writing — review & editing, Data curation,
Conceptualization. JS: Data curation, Conceptualization, Writing —
review & editing. LC: Writing - review & editing, Conceptualization,
Data curation. QZ: Data curation, Writing - review & editing. LHe:
Writing - review & editing, Data curation. TL: Writing - review &
editing, Data curation. LG: Data curation, Writing - review & editing.
GL: Formal analysis, Funding acquisition, Conceptualization,
Writing - review & editing. YC: Formal analysis, Writing - review &
editing, Conceptualization.

Funding
The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported

by the National Key Research and Development Program of China
(2021YFC2701800 and 2021YFC2701805).

Acknowledgments

We thank members of the whole research team, and thank the
Children’s Hospital of Fudan University for funding the research work.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1605960
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Duetal.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Abad, C. L. R, Lahr, B., O'Horo, J. C., Vijayvargiya, P, Walker, R. C., Hogan, W. ], et al.
(2020). The D-index is not correlated with invasive fungal infection during the early-
post engraftment phase among allogeneic hematopoietic stem cell transplant recipients.
Int. J. Hematol. 111, 293-302. doi: 10.1007/s12185-019-02776-x

Achangwa, C., Park, H., Ryu, S., and Lee, M. S. (2022). Collateral impact of public
health and social measures on respiratory virus activity during the COVID-19 pandemic
2020-2021. Viruses 14:1071. doi: 10.3390/v14051071

Casalini, G., Giacomelli, A., and Antinori, S. (2024). The WHO fungal priority
pathogens list: a crucial reappraisal to review the prioritisation. Lancet Microbe 5,
717-724. doi: 10.1016/S2666-5247(24)00042-9

Charsizadeh, A., Mirhendi, H., Nikmanesh, B., Eshaghi, H., and Makimura, K. (2018).
Microbial epidemiology of candidaemia in neonatal and paediatric intensive care units
at the Children's medical center, Tehran. Mycoses 61, 22-29. doi: 10.1111/myc.12698

Donnelly, J. P, Chen, S. C., Kauffman, C. A., Steinbach, W. J., Baddley, J. W,,
Verweij, P. E., et al. (2020). 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. 71,
1367-1376. doi: 10.1093/cid/ciz1008

Duan, S., Ni, E, Gao, L., Ye, L., Guo, P, Wan, Z., et al. (2021). Distribution
characteristics of invasive yeast infections in the China hospital invasive fungal
resistance surveillance net (CHIF-NET) in 2011. Chin. J. Mycol. 16, 234-242. doi:
10.3969/j.issn.1673-3827.2021.04.005

Dursun, A., Ozsoylu, S., and Akyildiz, B. (2020). Outcomes and prognostic factors for
pediatric cancer patients admitted to an intensive care unit in a university hospital. Turk.
J. Pediatr. 62, 252-258. doi: 10.24953/turkjped.2020.02.011

Dutta, S., Kumar, P, Paulpandian, R., Saini, S. S., Sreenivasan, P,
Mukhopadhyay, K., et al. (2022). Relationship between COVID-19 lockdown and
epidemiology of neonatal sepsis. Pediatr. Infect. Dis. ]. 41, 482-489. doi:
10.1097/INF.0000000000003489

Faraci, M., Bagnasco, F, Giardino, S., Conte, M., Micalizzi, C., Castagnola, E., et al.
(2014). Intensive care unit admission in children with malignant or nonmalignant
disease: incidence, outcome, and prognostic factors: a single-center experience. J.
Pediatr. Hematol. Oncol. 36, e403-e409. doi: 10.1097/MPH.0000000000000048

Gangneusx, J. P, Dannaoui, E., Fekkar, A., Luyt, C. E., Botterel, E, De Prost, N., et al.
(2022). Fungal infections in mechanically ventilated patients with COVID-19 during
the first wave: the French multicentre MYCOVID study. Lancet Respir. Med. 10,
180-190. doi: 10.1016/S2213-2600(21)00442-2

Garnacho-Montero, J., Diaz-Martin, A., Cantén-Bulnes, L., Ramirez, P, Sierra, R,
Arias-Verdu, D,, et al. (2018). Initial antifungal strategy reduces mortality in critically
ill patients with candidemia: a propensity score-adjusted analysis of a multicenter study.
Crit. Care Med. 46, 384-393. doi: 10.1097/CCM.0000000000002867

Granchelli, A. M., Adler, E. R., Keogh, R. H., Kartsonaki, C., Cox, D. R., and Liou, T. G.
(2018). Microbial interactions in the cystic fibrosis airway. J. Clin. Microbiol. 56,
10-1128. doi: 10.1128/JCM.00354-18

Hon, K. L. E., Chan, V. P. Y,, Leung, A. K. C,, Leung, K. K. Y., and Hui, W. E (2024).
Invasive fungal infections in critically ill children: epidemiology, risk factors and
antifungal drugs. Drugs Context 13:2023-9-2. doi: 10.7573/dic.2023-9-2

Tkuta, K. S., Mestrovi¢, T., and Naghavi, M. (2024). Global incidence and mortality of
severe fungal disease. Lancet Infect. Dis. 24:¢268. doi: 10.1016/S1473-3099(24)00102-6

Jia, H., Liu, H., Tu, M., Wang, Y., Wang, X., Li, J., et al. (2023). Diagnostic efficacy of
metagenomic next generation sequencing in bronchoalveolar lavage fluid for proven
invasive pulmonary aspergillosis. Front. Cell. Infect. Microbiol. 13:1223576. doi:
10.3389/fcimb.2023.1223576

Lécuyer, R., Issa, N., Tessoulin, B., Lavergne, R. A., Morio, E,, Gabriel, F, et al. (2022).
Epidemiology and clinical impact of respiratory coinfections at diagnosis of
pneumocystis  jirovecii pneumonia. J. Infect. Dis. 225, 868-880. doi:
10.1093/infdis/jiab460

Frontiers in Microbiology

09

10.3389/fmicb.2025.1605960

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Li, M. W. T,, Hon, K. L., Yan Leung, K. K., Hui, W. E, Lung, D. C., and Ha, S. Y. (2024).
Invasive fungal infections in the paediatric intensive care unit: a Hong Kong study. Curr.
Pediatr. Rev. 20, 540-547. doi: 10.2174/1573396320666230811092915

Montagna, M. T., Caggiano, G., Lovero, G., De Giglio, O., Coretti, C., Cuna, T,, et al.
(2013). Epidemiology of invasive fungal infections in the intensive care unit: results of
a multicenter Italian survey (AURORA project). Infection 41, 645-653. doi:
10.1007/s15010-013-0432-0

Mukherjee, M., Poddar, S., Mukherjee, A., and Bathia, J. N. (2023). Covid-period-
associated changes in organism profile of neonatal sepsis in a tertiary center from East
India. J. Trop. Pediatr. 69:fmac106. doi: 10.1093/tropej/fmac106

Nucci, M., Barreiros, G., Guimaraes, L. E, Deriquehem, V. A. S., Castifeiras, A. C.,
and Nouér, S. A. (2021). Increased incidence of candidemia in a tertiary care hospital
with the COVID-19 pandemic. Mycoses 64, 152-156. doi: 10.1111/myc.13225

Paiva, J. A., Pereira, ]. M., Tabah, A., Mikstacki, A., de Carvalho, E B., Koulenti, D., et al.
(2016). Characteristics and risk factors for 28-day mortality of hospital acquired fungemias in
ICUs: data from the EUROBACT study. Crit. Care 20:53. doi: 10.1186/s13054-016-1229-1

Pardo, E., Lemiale, V., Mokart, D., Stoclin, A., Moreau, A.-S., Kerhuel, L., et al. (2019).
Invasive pulmonary aspergillosis in critically ill patients with hematological
malignancies. Intensive Care Med. 45, 1732-1741. doi: 10.1007/s00134-019-05789-6

Reizine, E, Massart, N., Mansour, A., Fedun, Y., Machut, A., Vacheron, C.-H., et al.
(2024). Relationship between SARS-CoV-2 infection and ICU-acquired candidemia in
critically ill medical patients: a multicenter prospective cohort study. Crit. Care 28:320.
doi: 10.1186/s13054-024-05104-w

Riley, M. M. S. (2021). Invasive fungal infections among immunocompromised
patients in critical care settings: infection prevention risk mitigation. Crit. Care Nurs.
Clin. 33, 395-405. doi: 10.1016/j.cnc.2021.07.002

Rutala, W. A., and Weber, D. J. (2008). Guideline for disinfection and sterilization in
healthcare facilities. Ctr. Dis. Control Prev. Available online at: http://www.cdc.gov/
ncidod/dhqp/pdf/guidelines/Disinfection_Nov_2008.pdf (Accessed February 25, 2025).

Sauteur, P. M. M, Beeton, M. L., Uldum, S. A, Bossuyt, N., Vermeulen, M., Loens, K.,
et al. (2022). Mycoplasma pneumoniae detections before and during the COVID-19
pandemic: results of a global survey, 2017 to 2021. Eur. Secur. 27:2100746. doi:
10.2807/1560-7917.ES.2022.27.19.2100746

Thomas-Riiddel, D. O., Schlattmann, P,, Pletz, M., Kurzai, O., and Bloos, F. (2022).
Risk factors for invasive Candida infection in critically ill patients: a systematic review
and meta-analysis. Chest 161, 345-355. doi: 10.1016/j.chest.2021.08.081

Vincent, J. L., Rello, J., Marshall, J., Silva, E., Anzueto, A., Martin, C. D., et al. (2009).
International study of the prevalence and outcomes of infection in intensive care units.
JAMA 302, 2323-2329. doi: 10.1001/jama.2009.1754

Webb, B. J., Ferraro, J. P, Rea, S., Kaufusi, S., Goodman, B. E., and Spalding, J. (2018).
Epidemiology and clinical features of invasive fungal infection in a US health care
network. Open Forum Infect. Dis. 5:0fy187. doi: 10.1093/ofid/ofy187

Wu, H. Y,, Wu, K. S, Huang, Y. L., Dai, S. H.,, Chang, D. Y., Kuo, S. H,, et al. (2021).
Identifying predictors for bacterial and fungal coinfection on chest computed
tomography in patients with pneumocystis pneumonia. J. Microbiol. Immunol. Infect.
54, 701-709. doi: 10.1016/j.jmii.2020.06.007

Zhang, Y., and Ren, Y. (2016). Current status of invasive fungal infection in pediatric
intensive care unit. Chin. Pediatr. Emerg. Med. 23, 577-580. doi:
10.3760/cma.j.issn.1673-4912.2016.09.001

Zhao, Z., Song, J., Yang, C., Yang, L., Chen, ], Li, X,, et al. (2021). Prevalence of fungal
and bacterial co-infection in pulmonary fungal infections: a metagenomic next
generation sequencing-based study. Front. Cell. Infect. Microbiol. 11:749905. doi:
10.3389/fcimb.2021.749905

Zhu, L., Luo, T, Yuan, Y, Yang, S., Niu, C., Gong, T., et al. (2023). Epidemiological
characteristics of respiratory viruses in hospitalized children during the COVID-19
pandemic in southwestern China. Front. Cell. Infect. Microbiol. 13:1142199. doi:
10.3389/fcimb.2023.1142199

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1605960
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s12185-019-02776-x
https://doi.org/10.3390/v14051071
https://doi.org/10.1016/S2666-5247(24)00042-9
https://doi.org/10.1111/myc.12698
https://doi.org/10.1093/cid/ciz1008
https://doi.org/10.3969/j.issn.1673-3827.2021.04.005
https://doi.org/10.24953/turkjped.2020.02.011
https://doi.org/10.1097/INF.0000000000003489
https://doi.org/10.1097/MPH.0000000000000048
https://doi.org/10.1016/S2213-2600(21)00442-2
https://doi.org/10.1097/CCM.0000000000002867
https://doi.org/10.1128/JCM.00354-18
https://doi.org/10.7573/dic.2023-9-2
https://doi.org/10.1016/S1473-3099(24)00102-6
https://doi.org/10.3389/fcimb.2023.1223576
https://doi.org/10.1093/infdis/jiab460
https://doi.org/10.2174/1573396320666230811092915
https://doi.org/10.1007/s15010-013-0432-0
https://doi.org/10.1093/tropej/fmac106
https://doi.org/10.1111/myc.13225
https://doi.org/10.1186/s13054-016-1229-1
https://doi.org/10.1007/s00134-019-05789-6
https://doi.org/10.1186/s13054-024-05104-w
https://doi.org/10.1016/j.cnc.2021.07.002
http://www.cdc.gov/ncidod/dhqp/pdf/guidelines/Disinfection_Nov_2008.pdf
http://www.cdc.gov/ncidod/dhqp/pdf/guidelines/Disinfection_Nov_2008.pdf
https://doi.org/10.2807/1560-7917.ES.2022.27.19.2100746
https://doi.org/10.1016/j.chest.2021.08.081
https://doi.org/10.1001/jama.2009.1754
https://doi.org/10.1093/ofid/ofy187
https://doi.org/10.1016/j.jmii.2020.06.007
https://doi.org/10.3760/cma.j.issn.1673-4912.2016.09.001
https://doi.org/10.3389/fcimb.2021.749905
https://doi.org/10.3389/fcimb.2023.1142199

	Prognostic factors of invasive fungal infections in pediatric intensive care units and changes in treatment outcomes before and after the COVID-19 pandemic: a multicenter retrospective study
	1 Introduction
	2 Methods
	2.1 Study subjects
	2.2 Collection of clinical data and study grouping
	2.3 Statistical analysis

	3 Results
	3.1 Host risk factors in IFI patients
	3.2 Distribution of fungal species, treatment outcomes, and co-infections with common pathogens
	3.3 Forest plot of the results from multivariate logistic regression analysis for pediatric patients with IFI
	3.4 The results of multivariate logistic regression were utilized to analyze the clinical data and fungal species distributions in the pre-pandemic and post-pandemic groups of children with IFI

	4 Discussion

	References

