Infection and Drug Resistance Dovepress
Taylor & Francis Group

ORIGINAL RESEARCH

Development and Internal Validation of

a Nomogram Model to Predict Invasive
Pulmonary Aspergillosis Occurrence Risk in ICU
Patients with Sepsis

Hui Li"%, Yao Liang(®'?, Wenyan Xiao'?, Yao Zheng'?, Tianfeng Hua'?, Min Yang''

'The Second Department of Critical Care Medicine, The Second Affiliated Hospital of Anhui Medical University, Hefei, Anhui, People’s Republic of
China; 2The Laboratory of Cardiopulmonary Resuscitation and Critical Care Medicine, the Second Affiliated Hospital of Anhui Medical University,
Hefei, Anhui, People’s Republic of China

Correspondence: Min Yang, Email yangmin@ahmu.edu.cn

Background: Sepsis is characterized by immune dysregulation and increased susceptibility to secondary infections. Invasive
pulmonary aspergillosis (IPA) is an important complication in intensive care unit (ICU) patients with sepsis and is associated with
poor outcomes. Identifying its predictors and developing a prediction model may facilitate early risk assessment and identification of
high-risk patients.

Methods: A single-centre retrospective cohort of 574 adult ICU patients with sepsis (January 2020-December 2024) was randomly
divided into a training set (n=459) and a validation set (n=115) in an 8:2 ratio. IPA was diagnosed according to international consensus
criteria. In the training set, candidate predictors were screened by least absolute shrinkage and selection operator (LASSO) regression,
followed by multivariable logistic regression. A nomogram-based prediction model was developed and internally validated in the
validation set. Model discrimination, calibration, and clinical utility were assessed using the area under the receiver operating
characteristic curve (ROC), calibration curves, and decision curve analysis (DCA), respectively.

Results: Among 574 ICU patients with sepsis, 86 (14.98%) developed IPA. LASSO followed by multivariable logistic regression
showed that smoking history, corticosteroid therapy, coexisting SFTS or COVID-19, duration of mechanical ventilation, NRS 2002
score, and SOFA score were independently associated with IPA. The area under the ROC curve (AUC) for the training set was 0.883
(95% CI 0.842-0.924), and for the validation set, it was 0.844 (95% CI 0.766—0.921). The nomogram constructed from these variables
suggested good discrimination and calibration in both the training and validation cohorts. DCA indicated a net clinical benefit across
clinically relevant threshold probabilities.

Conclusion: We developed and internally validated a nomogram for predicting secondary IPA occurrence risk in ICU patients with
sepsis. The inclusion of NRS 2002 suggests that nutritional risk may contribute to IPA occurrence risk. External validation is
warranted before broader clinical application.
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Introduction

Sepsis constitutes a major global disease burden and remains one of the leading causes of death in intensive care unit
(ICU)." Older adults account for a substantial proportion of sepsis cases. Given the ongoing population aging worldwide,
the incidence of sepsis is expected to rise further, making it an increasingly serious public health challenge.” As
understanding of sepsis pathophysiology has advanced, a dysregulated host response to infection is now recognized as
a central mechanism driving disease pathogenesis and progression.** In particular, sepsis-induced immune dysfunction

increases susceptibility to life-threatening secondary infections, posing major challenges to clinical management.”>®
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Aspergillus species are ubiquitous saprophytic fungi found in soil, decaying vegetation, and indoor/outdoor environ-
ments, and their conidia readily aerosolize, resulting in frequent exposure in both community and healthcare settings.”
Whether inhaled conidia lead to outcomes ranging from airway colonization and allergic manifestations to invasive
aspergillosis depends largely on the host’s pulmonary and systemic immune status.'® A. fumigatus is the species most
commonly implicated in invasive infection, followed by A. flavus, A. niger, and A. terreus. In hospitals, especially ICU
setting, indoor air and environmental rervoirs are recognized sources of Aspergillus exposure; Aspergillus colonization of air-
conditioning and ventilation systems may further contribute to spore dissemination.'" In addition, some Aspergillus species
can produce mycotoxins, which may further underscore the complexity of environmental exposure in healthcare settings.

Against this exposure background, critically ill patients with sepsis may be particularly vulnerable to progression
from exposure to infection. Respiratory failure and the need for mechanical ventilation are common in ICU patients with
sepsis, and the development of invasive pulmonary aspergillosis (IPA) can substantially complicate management,
increases healthcare resource utilization, and worsens clinical outcomes. IPA may also progress rapidly and cause abrupt
clinical deterioration; thus, early recognition is critical to improving outcomes.'> However, early manifestations are often
nonspecific and can be obscured by underlying conditions. Typical radiologic features and microbiological evidence are
frequently unavailable or delayed in ICU practice, and distinguishing airway colonization from invasive infection can be
difficult. In addition, the emerging context of viral-associated aspergillosis, such as COVID-19-associated pulmonary
aspergillosis (CAPA), may further complicate early recognition. Clinical management is therefore shifting from passive
early diagnosis to proactive risk prediction and preemptive intervention.'**'* To date, most existing risk prediction studies
for IPA have been conducted in mixed ICU populations or certain subgroups, such as patients with acute exacerbation of
chronic obstructive pulmonary disease (COPD).'*>!'® However, to the best of our knowledge, little attention has been paid
to the risk of IPA specifically in ICU patients with sepsis, and no dedicated prediction model has yet been reported for
this population. A sepsis-specific approach may be warranted because sepsis-associated immune dysfunction, together
with the high burden of organ failure and treatment-related exposures, may shape a distinct susceptibility profile for IPA.
Therefore, in this context, we aim to develop and validate a risk prediction model for IPA in ICU patients with sepsis
using routinely available clinical data.

To achieve this, we systematically collected clinical, laboratory, radiologic, and microbiological data from ICU
patients with sepsis. The least absolute shrinkage and selection operator (LASSO) regression was applied to identify
predictors significantly associated with IPA, and a nomogram-based risk prediction model was subsequently developed
and internally validated. This model may serve as a decision-support tool for early identification of high-risk patients and
facilitate timely implementation of individualized monitoring and preemptive therapeutic interventions.

Methods

Research Patients

This retrospective cohort study included adult patients with sepsis admitted to the ICU of the Second Affiliated Hospital
of Anhui Medical University between January 2020 and December 2024. Inclusion criteria were: (1) sepsis diagnosed
according to the Sepsis 3.0 international consensus criteria,'” and (2) age >18 years. Exclusion criteria were: (1) ICU
length of stay <48 hours; (2) age <18 years; (3) diagnosis of IPA prior to ICU admission (proven or probable); (4)
Aspergillus colonization; (5) pregnancy; (6) missing key predictor or outcome data; and (7) repeat ICU admissions (for
patients with multiple ICU admissions, only the first ICU admission was included) (Figure 1). In this study, Aspergillus
colonization refers to isolation of Aspergillus in lower respiratory tract samples without any symptom or new pulmonary
infiltrate.

The outcome of this study was the occurrence of IPA during the ICU stay. IPA was diagnosed and classified primarily
according to the 2024 FUNDICU consensus definitions for invasive fungal diseases in critically ill adults, with the 2020
EORTC/MSGERC updated definitions referenced where applicable (particularly for host factors).'®' Given the limited
feasibility of histopathological confirmation in critically ill patients, IPA cases were classified as probable IPA using an
integrated criterion set. A case required at least one compatible clinical sign and symptom, one host factor, one clinical
criterion, and one mycological criterion, as defined below. (a) Compatible clinical signs and symptoms. Persistent fever (=3
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Figure | Flowchart of patients’ enrollment.

days) despite appropriate antibacterial therapy, or recurrent fever occurring>48 hours after defervescence following antibiotic
discontinuation without another clear explanation. In addition, at least one of the following respiratory symptoms/signs was
required: pleuritic chest pain, pleural friction rub, dyspnea, hemoptysis; or progressive respiratory failure despite appropriate
antibacterial therapy and adequate respiratory support. (b) Host factors. An underlying condition or exposure known to be
associated with increased IPA risk, including but not limited to: prolonged systemic corticosteroid therapy (typically>3 weeks;
prednisone-equivalent dose>0.3 mg/kg/day), other immunosuppressive agents (eg., tumor necrosis factor-o antagonists or
calcineurin inhibitors), acute respiratory distress syndrome (ARDS), moderate-to-severe COPD, solid-organ or hematopoietic
stem cell transplantation, hematologic malignancy, or prolonged neutropenia (absolute neutrophil count<0.5x10%/L for>10
days). (c) Clinical criteria. Chest computed tomography (CT) findings compatible with invasive fungal infection, including
pulmonary nodules (with or without a halo sign), consolidation, cavitation (after excluding non-infectious causes), or wedge-
shaped infarction. Alternatively, tracheobronchial involvement was considered present when bronchoscopy demonstrated
suggestive endobronchial lesions (eg., ulceration, pseudomembrane, nodules, plaques, or eschar). (d) Mycological criteria. At
least one of the following: serum galactomannan (GM) optical density index>0.5; bronchoalveolar lavage fluid (BALF) GM
optical density index>1.0, positive Aspergillus polymerase chain reaction (PCR) from a qualified respiratory specimen
(sputum, BALF, bronchial brushing, or tracheal aspirate); or culture isolation of Aspergillus species from a qualified
respiratory specimen. IPA was diagnosed in routine clinical practice by ICU physicians. During data collection, the diagnosis
was independently and blindly re-adjudicated by a senior physician with expertise in critical care and infectious diseases;
discrepant assessments were resolved by a supervising senior physician. Patients were categorized into an IPA group and
anon-IPA group according to whether IPA occurred. In addition, the overall cohort was randomly split into a training set (n =
459) and a validation set (n = 115) at an 8:2 ratio for model development and internal validation.

This study was approved by the institutional review board of The Second Affiliated Hospital of Anhui Medical
University (Approval No. YX2025-055). Given the retrospective observational design and the use of de-identified data,
the requirement for informed consent was waived by the ethics committee. The study was conducted in accordance with
the principles of the Declaration of Helsinki.

Sample Size Calculation
Modeling principles suggest that the sample size should be at least 10-20 times the number of candidate predictors to
improve model stability and reduce the risk of overfitting. In this study, 42 variables were considered for model
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development. The modeling cohort included 574 patients, exceeding the recommended minimum sample size. In
addition, dimensionality reduction and variable selection were performed before final model construction to further
support statistical power and model robustness.

Data Collection

Clinical data for patients with sepsis admitted to the ICU were reviewed and extracted from the hospital electronic
medical record system, including sociodemographic characteristics, comorbidities, laboratory tests, severity scores,
supportive care, and length of stay. Two investigators independently collected data using a standardized case report
form and performed cross-checking; discrepancies were adjudicated by a third investigator. Based on a review of the
literature on risk factors for IPA, the collected variables mainly included as follows. General characteristics and
comorbidities: age, sex, smoking history, hospital length of stay (LOS), ICU length of stay, diabetes, hypertension,
chronic lung disease, chronic liver disease, Severe Fever with Thrombocytopenia Syndrome (SFTS), and Coronavirus
Disease 2019 (COVID-19). Severity and supportive care at ICU admission: Acute Physiology and Chronic Health
Evaluation II (APACHE II), Sequential Organ Failure Assessment (SOFA), Nutritional Risk Screening 2002 (NRS 2002),
multiple organ dysfunction syndrome (MODS), mechanical ventilation, and renal replacement therapy. Laboratory
variables for analysis included blood-related variables (white blood cell count, hemoglobin, platelet count, neutrophil
count, lymphocyte count), liver-related variables (alanine aminotransferase, and aspartate aminotransferase, total bilir-
ubin, lactate dehydrogenase), kidney-related variables (creatinine, blood urea nitrogen),coagulation-related variables
(prothrombin time, activated partial thromboplastin time, fibrinogen, D-Dimer), inflammatory-related variables (c-reac-
tive protein, procalcitonin, c-reactive protein albumin ratio), electrolyte indicators (iron), and arterial blood gas analysis,
including arterial partial pressure of oxygen (PaO,)/fraction of inspired oxygen (FiO,), arterial partial pressure of carbon
dioxide (PaCO,) and lactate. A unified data management and quality-control workflow was implemented throughout the
study to ensure data accuracy and traceability. Mycological findings, including serum GM, BALF GM, lower respiratory
tract culture results and antifungal treatment data, were also collected. Detailed variable definitions are provided in
Table S1.

Statistical Analysis

All statistical analyses were performed using R software (version 4.4.1) and SPSS (version 25.0). Normally distributed
continuous variables are presented as mean =+ standard deviation (SD), and between-group comparisons were conducted
using the independent-samples ¢ test. Non-normally distributed continuous variables are described as medians with
interquartile range (IQR) and were compared using the Mann—Whitney U-test. Categorical variables were presented as

frequencies and proportions, the Chi-square (xz) test or Fisher’s exact test were used for analyzing when appropriate.
Among the 42 variables assessed, 38 had no missing data. Missingness was observed for three numeric variables: CRP
(12/574, 2.09%), PCT (12/574, 2.09%), and LDH (29/574, 5.05%). Given the low proportion of missing data, missing
values were imputed using median imputation for each variable. All patients were divided into a training cohort and
a validation cohort at an 8:2 ratio using stratified random sampling. Before model development, variable distributions and
baseline comparability between the two cohorts were assessed. Model development was performed in three steps. First,
in the training cohort, least absolute shrinkage and selection operator (LASSO) regression was used for variable
selection. The optimal penalty parameter (L) was determined by 10-fold cross-validation, and predictors with non-zero
coefficients were retained. Second, the retained predictors were entered into a multivariable logistic regression model,
and maximum likelihood estimation was used to identify variables independently associated with IPA occurrence risk,
from which the final prediction model was established. Third, a nomogram was constructed based on the final model to
provide individualized visual risk estimation. Model performance was evaluated in terms of discrimination, calibration,
and clinical utility. Discrimination was assessed by the area under the receiver operating characteristic curve (AUC).
Calibration was evaluated using calibration plots to examine agreement between predicted probabilities and observed
event rates. Clinical utility was assessed by decision curve analysis (DCA), which quantified net benefit across a range of
threshold probabilities. A p value <0.05 was considered to indicate statistical significance.
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Results
Comparison of Clinical Characteristics Between the Training and Validation Cohorts

Among 574 ICU patients with sepsis included in this study, 14.98% (86/574) developed IPA. As shown in Table S2,
there were no statistically significant differences in baseline clinical characteristics between the training and validation
cohorts (p > 0.05), indicating good comparability between the two groups.

Mycological Findings

Of the IPA patients, 60.47% (52/86) had a positive serum GM, with a median index of 1.07 (IQR, 0.62—3.98) for the
positive results. BALF GM testing was performed in 34 patients (39.53%); 33 patients were positive (97.06% of those
tested), with a median index among positives of 3.36 (IQR, 1.91-7.92). Among all IPA patients, 44.19% (38/86) had
culture positive for Aspergillus species in respiratory specimens. Positive cultures recovered A. fumigatus (n=19),
A. flavus (n=17), A. niger (n=4), and A. terreus (n=1). Co-isolation occurred in 3 patients (3.49%): A. fumigatus plus
A. niger in 2 patients and A. flavus plus A. niger in 1 patient. Seven patients (8.14%) had concordant positivity for serum
GM, BALF GM, and respiratory specimen culture. Twenty patients (23.26%) were positive for both serum GM and
culture, nine patients (10.47%) for both BALF GM and culture, and eight patients (9.30%) for both serum GM and BALF
GM. Regarding antifungal management, 8 patients (9.30%) received no antifungal therapy, 50 patients (58.14%) received
monotherapy, and 28 patients (32.56%) received combination antifungal therapy.

Baseline Comparison Between IPA and Non-IPA Patients in the Training Cohort

In the training cohort, comparison of baseline characteristics between patients with and without IPA showed that patients
in the IPA group were older and had longer ICU and overall hospital stays. Regarding comorbidities, the proportions of
SFTS, COVID-19, and MODS were higher in the IPA group.

Comparisons of laboratory and physiologic parameters showed that the IPA group had significantly lower white blood
cell count, neutrophil count, platelet count, C-reactive protein, procalcitonin, prothrombin time, C-reactive protein-to-
albumin ratio (CAR), and oxygenation index, whereas serum iron, lactate dehydrogenase, total bilirubin, and PaCO, were
higher.

In addition, the IPA group had higher APACHE II, SOFA, and NRS 2002 scores than the non-IPA group. With respect
to treatment, patients in the IPA group were more likely to receive corticosteroid therapy, mechanical ventilation, and
continuous renal replacement therapy (CRRT), and had a longer duration of mechanical ventilation (Table 1).

Development of a Nomogram for Predicting IPA Occurrence Risk in ICU Patients
with Sepsis

42 candidate predictors were first screened using LASSO regression. At the selected A, 16 predictors with non-zero
coefficients were retained (Figure 2A and B). These predictors were further analyzed using multivariable logistic
regression. In multivariable logistic regression, SFTS (OR:27.305; 95% CI:8.782-84.899, p <0.001), COVID-19 (OR:
4.551; 95% CI: 1.854-11.174, p <0.001), NRS-2002 score at ICU admission (OR: 1.698; 95% CI: 1.367-2.111,
p=0.001), smoking history (OR: 2.552; 95% CI: 1.264-5.150, p=0.009), duration of mechanical ventilation (OR:
1.002; 95% CI: 1.001-1.003, p<0.001; per l-hour increase), SOFA score at ICU admission (OR: 1.135; 95% CI:
1.012-1.274, p=0.031), and corticosteroid therapy (OR: 3.278; 95% CI: 1.511-7.107, p=0.003) were independently
associated with IPA occurrence risk in ICU patients with sepsis (Table 2). A nomogram was then developed based on
these predictors. The model provides an individualized predicted probability for each patient according to their predictor
profile, this probability is derived by summing the points assigned to each predictor and transforming the total score
through the model (Figure 3).

Model discrimination was evaluated using receiver operating characteristic (ROC) curves and the AUC (Figure 4A
and B). The AUCs in the training and validation cohorts were 0.883 and 0.844, respectively (95% CI: 0.842—0.924,
0.766-0.921). Model calibration was assessed by calibration curves in both cohorts, comparing predicted probabilities
with observed event rates. The model showed good calibration, with close agreement between predicted risk and
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Table | Baseline Characteristics of Patients with and without IPA in the Training Cohort

Variable Classification Sum (N=459) Non-IPA (N=459) IPA (N=61) P

Age (Year) / 66.00(55.00, 73.50) 65.00(54.00, 73.00) 70.00(60.00, 77.00) 0.016

Gender Female 178(38.78%) 155(38.94%) 23(37.70%) 0.965
Male 281(61.22%) 243(61.06%) 38(62.30%)

Smoking No 318(69.28%) 282(70.85%) 36(59.02%) 0.086
Yes 141(30.72%) 116(29.15%) 25(40.98%)

Hospital LOS (days) / 23.00(14.00, 37.00) 22.00(13.00, 34.00) 30.00(21.00, 51.00) 0.001

ICU LOS (days) / 10.00(5.00, 19.00) 9.00(5.00, 16.00) 20.00(11.00, 36.00) <0.001

Diabetes Mellitus No 296(64.49%) 256(64.32%) 40(65.57%) 0.963
Yes 163(35.51%) 142(35.68%) 21(34.43%)

Hypertension No 270(58.82%) 237(59.55%) 33(54.10%) 0.506
Yes 189(41.18%) 161(40.45%) 28(45.90%)

Cancer No 363(79.08%) 320(80.40%) 43(70.49%) 0.109
Yes 96(20.92%) 78(19.60%) 18(29.51%)

Chronic Lung Disease No 438(95.42%) 381(95.73%) 57(93.44%) 0.505
Yes 21(4.58%) 17(4.27%) 4(6.56%)

Chronic Liver Disease No 431(93.90%) 376(94.47%) 55(90.16%) 0.243
Yes 28(6.10%) 22(5.53%) 6(9.84%)

SFTS No 430(93.68%) 381(95.73%) 49(80.33%) <0.001
Yes 29(6.32%) 17(4.27%) 12(19.67%)

Covid-19 No 411(89.54%) 366(91.96%) 45(73.77%) <0.001
Yes 48(10.46%) 32(8.04%) 16(26.23%)

MODS No 296(64.49%) 272(68.34%) 24(39.34%) <0.001
Yes 163(35.51%) 126(31.66%) 37(60.66%)

White blood cell (x10°/L) / 11.82(6.49, 18.09) 12.17(6.79, 19.32) 8.52(5.18, 13.95) 0.001

Neutrophil (x10°/L) / 10.50(5.57, 16.24) 10.80(5.96, 17.30) 7.51(4.29, 12.70) 0.001

Lymphocyte (x10°/L) / 0.61(0.35, 0.96) 0.62(0.36, 0.99) 0.44(0.28, 0.87) 0.057

Platelet (x10°/L) / 108.00(53.00, 191.00) 111.50(55.25, 193.50) 83.00(42.00, 162.00) 0.045

Hemoglobin (g/L) / 102.02(28.38) 102.40(28.89) 99.54(24.84) 0.415

Alanine Aminotransferase (U/L) / 39.00(19.00, 96.50) 39.00(19.00, 94.75) 39.00(19.00, 103.00) 0.832

Aspartate Aminotransferase (U/L) / 61.00(28.00, 163.50) 58.50(28.00, 156.25) 70.00(25.00, 199.00) 0.597

Lactate dehydrogenase (U/L)

361.00(230.50, 558.50)

353.00(225.00, 510.50)

422.00(272.00, 964.00) 0.001

Total bilirubin (U/L) / 17.90(10.05, 32.75) 18.65(10.40, 33.95) 13.30(9.30, 21.60) 0.026
Creatinine (4 mol/L) / 133.00(82.00, 241.50) 133.00(83.00, 251.75) 124.00(73.00, 182.00) 0.253
Blood urea nitrogen (mmol/L) / 12.88(8.54, 20.16) 12.86(8.45, 20.18) 13.87(9.87, 19.72) 0.272
Prothrombin time (seconds) / 14.10(12.60, 16.40) 14.30(12.70, 16.40) 13.20(12.20, 15.20) 0.021
(Continued)
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Table | (Continued).

Variable Classification Sum (N=459) Non-IPA (N=459) IPA (N=61) P
Activated partial thromboplastin time (seconds) / 32.80(28.60, 39.70) 32.80(28.70, 38.80) 33.40(28.20, 46.10) 0.201
Fibrinogen (g/L) / 3.85(2.56, 5.94) 3.84(2.61, 6.01) 3.85(2.35, 5.30) 0.224
D-Dimer (mg/L) / 5.71(2.67, 9.75) 5.92(2.73, 9.84) 4.18(2.23, 9.00) 0.099
Iron (u mol/L) / 4.20(2.00, 10.95) 4.05(2.00, 10.17) 6.40(2.40, 15.80) 0.0l
C-reactive protein (mg/L) / 146.98(66.40, 220.86) 151.00(76.71, 226.93) 117.10(37.73, 180.20) 0.005
Procalcitonin (ng/mL) / 11.16(1.60, 42.20) 12.88(2.09, 46.65) 2.21(0.64, 11.53) <0.001
C-reactive protein albumin ratio / 5.11(2.34, 7.83) 5.45(2.70, 8.23) 3.98(1.35, 6.57) 0.003
PaCO,(mmHg) / 31.20(25.85, 38.55) 30.90(25.42, 38.27) 33.50(29.20, 40.00) 0.026
PaO,/FiO, / 254.00(177.32, 367.47) 263.25(186.96, 371.86) 174.00(116.67, 259.00) <0.001
Lactic acid (mmol/L) / 2.43(1.60, 4.72) 2.50(1.60, 5.05) 2.20(1.62, 3.66) 0.298
Admission APACHEII Score / 21.00(16.00, 25.00) 20.00(16.00, 24.00) 24.00(21.00, 26.00) <0.001
Admission SOFA Score / 9.00(6.00, 11.00) 9.00(6.00, 11.00) 10.00(8.00, 12.00) 0.001
Admission NRS 2002 Score / 5.00(4.00, 6.00) 5.00(4.00, 6.00) 6.00(6.00, 7.00) <0.001
Mechanical Ventilation No 173(37.69%) 169(42.46%) 4(6.56%) <0.001
Yes 286(62.31%) 229(57.54%) 57(93.44%)
Duration Of MV (hours) No 425(92.59%) 398(100.00%) 27(44.26%) <0.001
CRRT Yes 34(7.41%) 0(0.00%) 34(55.74%)
/ 66.00(0.00, 247.00) 32.50(0.00, 191.50) 318.00(129.00, 592.00) <0.001
Corticosteroids No 281(61.22%) 254(63.82%) 27(44.26%) 0.005
Yes 178(38.78%) 144(36.18%) 34(55.74%)

Notes: Data are presented as n (%) or median (interquartile range, IQR), unless stated otherwise.

Abbreviations: LOS, hospital length of stay; SFTS, Severe Fever with Thrombocytopenia Syndrome; COVID-19, Coronavirus Disease 2019; SOFA, Sequential Organ Failure
Assessment; APACHE I, Acute Physiology and Chronic Health Evaluation Il; NRS 2002, Nutritional Risk Screening 2002; PaO2, arterial partial pressure of oxygen; FiO2,
fraction of inspired oxygen, PaCO?2, arterial partial pressure of carbon dioxide; MV, Mechanical Ventilation; CRRT, continuous renal replacement therapy.

observed outcomes (Figure 5SA and B). The Hosmer-Lemeshow goodness-of-fit test revealed no statistically significant
difference between the model’s predictions and actual outcomes in the training group (P=0.138). Clinical utility was
further evaluated by DCA. The higher clinical utility can be obtained when the probability is 0.01-0.90 (Figure 6A
and B).

Discussion

Early recognition of IPA in the ICU remains challenging. Autopsy data suggest substantial underdiagnosis, with
a proportion of cases not recognized before death.’® Radiologic findings in ICU patients are often non-specific, the
accuracy of non-culture diagnostics (eg., galactomannan assays and PCR) may be lower, and invasive biopsy is
frequently not feasible because of hemodynamic instability, mechanical ventilation, or coagulopathy.*'*** In addition,
distinguishing airway colonization from invasive infection is often difficult when Aspergillus is recovered from
respiratory specimens. Clinical presentation may be further confounded in patients with concomitant viral pneumonia
(eg., COVID-19 or influenza), where overlapping features can obscure recognition of viral-associated aspergillosis such
asCAPA.?* Collectively, these challenges support the need for early risk assessment tools in ICU populations, especially
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Figure 2 Identification of The Predictors of IPA by LASSO Regression. (A) LASSO coefficient profiles of the candidate predictors. Each colored curve represents the
coefficient trajectory of one candidate predictor as the penalty parameter A changes. (B) Cross-validation curve for LASSO regression. The red dots represent the mean
cross-validated binomial deviance, and the gray vertical bars indicate the corresponding standard errors. The two vertical dashed lines indicate the values of A at Amin and

Alse, respectively.

Abbreviations: IPA, Invasive pulmonary aspergillosis; LASSO, least absolute shrinkage and selection operator.
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Table 2 Multivariable Logistic Regression Analysis of
Factors Independently Associated with IPA Occurrence
Risk in Patients with Sepsis

Characteristics

OR (95% ClI)

P

Corticosteroids

3.278 (1.511-7.107)

0.003

SFTS

27.305 (8.782-84.899)

<0.001

COVID-19

4551 (1.854-11.174)

0.001

Admission NRS 2002 score

1.698 (1.367-2.111)

<0.001

Smoking

2.552 (1.264-5.150)

0.009

Duration of MV

1.002 (1.001-1.003)

<0.001

Admission SOFA score

1.135 (1.012-1.274)

0.031

Abbreviations: SFTS, Severe Fever with Thrombocytopenia Syndrome;
COVID-19, Coronavirus Disease 2019; SOFA, Sequential Organ Failure
Assessment; NRS 2002, Nutritional Risk Screening 2002; MV, Mechanical
Ventilation; OR, odds ratio; Cl, confidence interval.

in ICU patients with sepsis, in whom sepsis-associated immune dysfunction and a high burden of organ failure and

treatment exposures can obscure early signals of IPA and increase clinical uncertainty.

In this study, we developed and internally validated a nomogram to predict the occurrence risk of secondary IPA in
ICU patients with sepsis. The results showed that smoking history, corticosteroid therapy, coexisting SFTS or COVID-
19, duration of mechanical ventilation, NRS 2002 score, and SOFA score were significantly associated with IPA
occurrence risk. The model showed good discrimination and calibration in both the training and validation cohorts,

suggesting it may assist early risk assessment and identification of high-risk patients.

The results of our study suggest that the development of IPA in ICU patients with sepsis is not determined by a single
factor, but associated with combined effects of multiple risk domains, including baseline host status, disease severity, and

treatment-related exposures.
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Figure 3 Nomogram for predicting IPA occurrence risk in ICU patients with sepsis.
Abbreviations: IPA, Invasive pulmonary aspergillosis; ICU, intensive care unit.
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Host status appears to be a fundamental determinant of IPA occurrence risk. Sepsis itself can induce a dysregulated
immune response and lead to immune dysfunction.®** An increased SOFA score reflects a greater burden of organ
dysfunction and may also indicate more severe systemic inflammation and immune dysregulation.”>* In such situation,
host clearance of inhaled Aspergillus conidia may be impaired, with a consequent increase in the risk of secondary
invasive infection. Smoking history is another important host-related factor. Previous studies suggest that smoking can
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damage the airway epithelial barrier, impair mucociliary clearance, and alter pulmonary innate immune defenses, thereby
reducing the efficiency of respiratory clearance of inhaled pathogens.””** These pathophysiological considerations are
consistent with our study that smoking history was retained in the final model.

Nutritional risk was an important clinical factor associated with IPA in this study. NRS 2002 is a widely used and
pragmatic screening tool in critical care.** Higher scores generally indicate reduced nutritional reserve and
a hypercatabolic state. The inclusion of NRS 2002 in the final model suggests that impaired nutritional status may
contribute to the development of secondary IPA in ICU patients with sepsis. Notably, direct evidence specifically linking
NRS 2002 to IPA remains limited. Existing studies suggest that nutritional risk may indirectly increase susceptibility to
opportunistic infections through impaired immune defense and reduced tissue repair capacity.’® Nutritional derangements
are common in critically ill patients, and poor nutritional status has been associated with a higher risk of pulmonary
infections, including ventilator-associated pneumonia.*® As an emerging biomarker, CAR is indicative of the metabolic
and immune status of the body.>’ In our study, the between-group difference in CAR in univariable analysis further
supports the possibility that inflammatory burden and nutritional status jointly influence IPA occurrence risk. Previous
critical care studies have shown that NRS 2002 has good prognostic performance.*® Our study further suggests that,
beyond estimating the risk of adverse outcomes, NRS 2002 may provide additional predictive value for secondary IPA
occurrence risk assessment in ICU patients with sepsis. Given its simplicity, bedside availability, and suitability for serial
reassessment, incorporating NRS 2002 into infection risk assessment workflows in this population appears clinically
feasible.

Treatment-related exposures were also important correlates of IPA occurrence. Corticosteroid therapy was associated with
an increased risk of IPA, consistent with previous reports.> Corticosteroids may impair neutrophil and macrophage function
and suppress cell-mediated antifungal immunity, thereby reducing host antifungal defense.*®*' In addition, corticosteroid use
is more common among patients with greater disease severity. It may reflect a higher inflammatory burden and organ
dysfunction, both of which are associated with increased susceptibility to invasive Aspergillus infection. A longer duration of
mechanical ventilation was also associated with higher IPA occurrence risk. This variable may reflect prolonged artificial
airway exposure leading to impaired respiratory barrier function, and might also partially indicate persistent critical illness.**
Therefore, it should not be oversimplified as an isolated causal factor, but rather as a clinical risk indicator. For patients
requiring prolonged mechanical ventilation, especially those with higher SOFA or NRS 2002 scores, early mycological
testing and closer serial chest imaging should be considered to improve timely identification of IPA.

Coexisting SFTS or COVID-19 was associated with an increased risk of IPA, suggesting that viral infection-related
background may be relevant to risk assessment. Previous studies indicate that both conditions can be accompanied by
lung injury and immune dysregulation, which are often more pronounced in critically ill patients and may increase
susceptibility to IPA.***"When these abnormalities coexist with sepsis-associated immune dysfunction, susceptibility to
opportunistic infection may increase further.***° Early in the COVID-19 pandemic, European centers reported a high
incidence of CAPA, which has subsequently been recognized as an important complication of severe COVID-19 in ICU
settings, particularly among patients requiring invasive mechanical ventilation.”*>>° Although 4. fumigatus remains the
predominant species reported in CAPA, non-A. fumigatus species, including A. flavus, A. niger, A. nidulans,
A. versicolor, and A. calidoustus, as well as mixed-species infections, have also been described. Similarly, our cohort
data showed that A. fumigatus was the most frequently identified species. However, non-A. fumigatus species were also
identified in a substantial proportion of isolates, most commonly A. flavus, with occasional isolation of 4. niger and
A. terreus; mixed-species isolation was observed in a small number of cases. Variation in host characteristics, local
epidemiology, and diagnostic sampling strategies may contribute to differences in reported species distributions across
studies. Therefore, we cautiously suggest that viral infection related clinical background should be carefully considered
when assessing IPA occurrence risk in ICU patients with sepsis, to improve the identification of high-risk patient.

From a clinical standpoint, this model may have potential practical utility. All predictors included in the model are
routinely collected clinical variables, readily available, and feasible to apply in ICU practice. Compared with a single
indicator, this multivariable model may provide a more comprehensive assessment of IPA occurrence risk.

This study has several limitations. First, as a single-center retrospective study, it is susceptible to selection bias and
information bias. Second, external validation was limited; therefore, the model’s stability and generalizability require
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further evaluation in additional independent cohorts. Third, this was a static model based on baseline variables and did
not incorporate dynamic predictors. Fourth, although species-level mycological identification was available, the number
of cases for individual Aspergillus species was limited; thus, we did not perform species-specific risk prediction modeling
to avoid unstable estimates. Future prospective, multicenter studies with dynamic modeling are needed to further improve
model performance, evaluate species-specific risk patterns, and clarify clinical utility.

Conclusion

In this study, we developed and internally validated a nomogram to estimate the risk of secondary invasive pulmonary
aspergillosis (IPA) in ICU patients with sepsis. The results suggested that smoking history, corticosteroid therapy,
coexisting SFTS or COVID-19, duration of mechanical ventilation, NRS 2002 score, and SOFA score were associated
with IPA occurrence risk in this cohort. Notably, the inclusion of NRS 2002 in the model suggests that nutritional risk
may have clinical relevance in IPA occurrence, although this association requires further confirmation. Based on
routinely collected clinical data, the prediction model may provide a feasible exploratory tool to support early risk
assessment and identification of ICU patients with sepsis who are at higher risk of secondary IPA. Further prospective
multicenter studies are needed to validate its external applicability and clinical benefit.
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IPA, invasive pulmonary aspergillosis; ICU, intensive care unit; LASSO, least absolute shrinkage and selection operator; LOS,
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pulmonary disease; GM, serum galactomannan; BALF, bronchoalveolar lavage fluid; CT, chest computed tomography; PCR,
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assessment; NRS 2002, Nutritional risk screening 2002; MODS, multiple organ dysfunction syndrome; CAR, C-reactive
protein-to-albumin ratio; PaO,, arterial partial pressure of oxygen; FiO,, fraction of inspired oxygen; PaCO,, arterial partial
pressure of carbon dioxide; MV, Mechanical Ventilation; CRRT, continuous renal replacement therapy; ROC, receiver operating
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