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Abstract
Background

The objective of the research was to assess the exploratory predictors risk factors related to plastic
bronchitis (PB) in pediatric patients presenting with severe Human bocavirus 1 (HBoV1) monoinfectious
pneumonia.

Methods

Between December 2020 and December 2025, pediatric cases with severe monoinfectious HBoV1
pneumonia hospitalized at Fujian Children’s Hospital were enrolled in this study. Pediatric patients who
presented with mixed infections, did not undergo bronchoscopy, had severe underlying diseases, or had
incomplete clinical data were excluded from the analysis. According to bronchoscopic evaluation, cases
were assigned into the non-PB group (n = 35) and the PB group (n = 16). Potential risk factors were
determined by first analyzing differences in clinical presentations and laboratory findings across groups.
The identification process utilized the least absolute shrinkage and selection operator (LASSO)
regression together with Firth's penalized logistic regression. To assess the model’s stability, 1,000
bootstrap resamplings were then performed.

Results

Of 484 children initially examined for HBoV1 pneumonia, 51 with severe mono-HBoV1 infection were
selected for the final analysis. Serum ferritin (SF), serum amyloid A (SAA), and D-dimer were markedly
increased in the PB group. The combination of LASSO feature selection and Firth's penalized logistic
regression identified SF (OR =1.025,95% CI: 1.010-1.046, P <0.001), SAA (OR=1.015,95% CI: 1.003-
1.052, P =0.014), and D-dimer (OR =2.247,95% Cl: 1.060-5.994, P = 0.036) as potential predicted
factors for PB. Internal validation(1,000 bootstrap resamples) demonstrated good model discrimination,
with an AUC of 0.952 (95% CI: 0.882-0.996).

Conclusions

Patients with HBoV1-associated PB have higher levels of SF, SAA, and D-dimer, suggesting tissue
damage and hypercoagulative state in PB. These biomarkers may assist in the early identification of PB.

Trial registration

Not applicable.
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Introduction

As a respiratory pathogen, it has attracted growing interest for its involvement in pediatric pulmonary
infections. According to epidemiological findings, it is responsible for approximately 6.3% of respiratory
tract infections, predominantly affecting young children [1]. There are limited comprehensive
epidemiological data on pediatric community-acquired pneumonia caused by HBoV1 monoinfection.

Evidence suggests that HBoV1 is associated with a heightened susceptibility to plastic bronchitis (PB)
[2-5]. PB is a severe respiratory disease, characterized by sticky, branching bronchial casts that block
airways quickly [6]. However, most studies on PB focus on Mycoplasma pneumoniae (MP) as the
pathogen. Known risk factors for MP-related PB include prolonged fever, high neutrophil counts, elevated
lactate dehydrogenase (LDH), and D-dimer levels [6,7]. Compared to that, the role of viral pathogens—
particularly HBoV1—in PB pathogenesis is not well understood, and existing studies limited to case
reports and case series.

Since there are limited systematic data on HBoV1-associated PB after removing coinfections, our
research was conducted to describe the clinical characteristics of HBoV1-associated PB and evaluate
potential risk factors for severe disease in pediatric patients. Our findings intend to offer strong evidence
in support of timely detection and instant intervention in this high-risk clinical setting.

Methods and Materials
Study design

This study retrospectively analyzed cases admitted to Fujian Children’s Hospital between December
2020 and December 2025. Institutional ethics approval was obtained from Fujian Children's Hospital (No.
2026ETKLRK0104).

Eligible cases met the diagnostic criteria for pediatric severe community-acquired pneumonia,
presenting with one of the following standards [8]: (1) compromised systemic status; (2) altered mental
status; (3) hypoxemic, including cyanosis, rapid breathing (respiratory rate = 70 per min for infants or >
50 per min for children aged 1 year or older), respiratory struggle such as nasal flaring, grunting, periodic
apnea, chest retractions, or peripheral oxygen saturation (Sp0,) < 92%; (4) hyperpyrexia or fever
persisting beyond 5 days; (5) severe dehydration or refusal of oral intake; (6) radiological findings on
chest CT depicting pneumothorax, multilobar involvement, infiltration involving = 2/3 of a lung, pleural
effusion, necrotizing pneumonia, pulmonary abscess or atelectasis; and (7) manifestation of
extrapulmonary sequelae. In addition, cases who underwent flexible bronchoscopy upon admission. 3.
Targeted next-generation sequencing (tNGS) of bronchoalveolar lavage fluid identified patients with
HBoV1 monoinfection.

Cases were excluded if they had any of the following conditions: (1) co-infection with other respiratory
pathogens (such as viruses, bacteria, or mycoplasma) confirmed by tNGS or culture; (2) non-severe
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cases or failure to undergo flexible bronchoscopy; (3) severe cerebral palsy; (4) congenital
immunodeficiency; (5) severe congenital heart disease; (6) iron deficiency anemia or leukemia; or (7)
incomplete clinical data.

A total of 484 cases of HBoV1 pneumonia were identified through a search of the hospital case
database. 51 cases satisfied the selection requirements and were ultimately enrolled in this study (Fig. 1
shows the detailed study protocol). Group assignment was determined by bronchoscopic visualization
of bronchial casts: PB (n = 16) versus non-PB (n = 35).

Data Extraction

Patient electronic medical records provided the source for retrospective clinical and laboratory data
collection, which covered: (1) demographic profiles—age, sex, and body weight; (2) clinical
manifestations—peak body temperature and peripheral oxygen saturation (SpO,); (3) laboratory
parameters, all measured from the initial blood specimen collected at admission—coagulation
parameters (D-dimer), cardiac/tissue enzyme levels [lactate dehydrogenase (LDH)], systemic
inflammatory markers [C-reactive protein (CRP) and procalcitonin (PCT)], and hematological indices
including count of white blood cell (WBC), the percentage of neutrophils (NEUT%), and other routine
tests; (4) chest CT findings (including atelectasis, consolidation, and pleural effusion); and (5) clinical
outcomes —length of hospital stay (LOS).

Bronchoscopy

In compliance with standard institutional protocols, all enrolled patients underwent flexible
bronchoscopy under sedation or general anesthesia. PB diagnosis was confirmed by the direct
observation and extraction of typical bronchial casts throughout the intervention. All bronchoscopic
procedures were performed by experienced pediatric pulmonologists.

Statistical methods

Data analysis was conducted using R (version 4.4.2). We assessed the normality of continuous variables
using the Shapiro-Wilk test. Data with a normal distribution were reported as mean + standard deviation
(SD) and were compared with the t-test. Non-normally distributed data were expressed as median (IQR)
and analyzed using the Mann-Whitney U test. For categorical variables, we presented counts and
percentages (n%) and performed comparisons using either the chi-squared test or Fisher’s exact test.

Relevant variables were identified through published reports and statistical filter(based on a univariate
threshold of P < 0.05). Five candidate biomarkers (SF, SAA, D-dimer, CRP, and LDH) were selected. This
initial reduction mitigate the risk of overfitting given the limited group size. Then LASSO regression was
used to further select variables. The regularization parameter was chosen based on the one-standard-
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error rule (A1se), using 10-fold cross-validation. To test the stability of selected variables, 1,000
bootstrap resamples were performed. Selected factors were then entered into a multivariable Firth's
penalized logistic regression.

Due to the small sample size of the PB group, we used Firth's penalized logistic regression to address
potential estimation bias associated with sparse data. The selected factors’s odds ratios (ORs) with 95%
confidence intervals (Cls) were reported. The model's ability to discriminate between groups was
evaluated by a receiver operating characteristic (ROC) curve. Robustness was assessed using 1,000
bootstrap resamples, which yielded both calibration plots and corrected area under the curve (AUC)
metrics. As this research was exploratory and limited by sample size, a clinical nomogram or point-
based scoring system was not developed.

Results

Demographic and clinical profiles

According to bronchoscopic evaluation, 35 cases were categorized into the non-PB group and 16 into the
PB group. The two groups were well matched for baseline demographic and clinical parameters

(Table 1), including median age (22.0 vs. 28.0 months, P = 0.243) and male proportion (71.43% vs.
56.25%, P = 0.286). Similarly, no significant differences were detected in peak body temperature, Sp0O,, or
length of hospital stay (LOS).
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Table 1
Baseline demographic and clinical parameters

Age(m), IQR Non-PB group PB group Statistic P
(n=35) (n=16)
22.0(13.0, 40.5) 28.0 (20.8, 42.5) Z=-1.170 0.243

Sex, n% X?=1.138 0.286
female 10 (28.57) 7 (43.75)

male 25(71.43) 9 (56.25)

BMI, IQR 15.41 (14.09, 15.88 (14.76, Z=-0.477 0.633

17.15) 17.14)

_I:es%k body temperature, Mean 38.8+0.8 39.1+0.8 t=-1.135 0.262
SP0O2,I1QR 95 (90, 95) 93 (91, 95) Z=-0.258 0.797
Shortness of Breath, n% x?=0.638 0.424
no 12 (34.29) 3(18.75)

yes 23 (65.71) 13 (81.25)

LOS, IQR 9.00 (7.00, 11.00) 18.88)(7.75, Z=-0.878 0.380

Note: BMI, body mass index; IQR, interquartile range; LOS, length of stay;SD, standard deviation; SpO,,
peripheral oxygen saturation.

Laboratory and imaging findings

Laboratory indicators and radiological features were compared between the two groups (Table 2).
Laboratory analysis revealed markedly higher concentrations of inflammatory and coagulation markers
in the PB group than in the non-PB group, including CRP (median: 7.77 vs. 16.41 mg/L, P = 0.003), SF
(mean: 90.92 vs. 201.33 ng/mL, P<0.001), LDH (median: 297.00 vs. 352.40 U/L, P = 0.020), D-dimer
(median: 0.35 vs. 1.02 ug/mL, P < 0.001) and SAA (median: 17.50 vs. 94.40 mg/L, P < 0.001). Other
baseline laboratory parameters, including WBC, NEUT%, PCT, Apo-B, LDL, and CK-MB, showed no marked
variations between groups (P > 0.05). Moreover, the incidence rates of pleural effusion, atelectasis and
aerothorax were not notably different between the two patient groups. Notably, all patients included in
this study showed varying degrees of pulmonary consolidation on chest imaging. Representative
imaging and bronchoscopic findings are displayed in Fig. 2.

Variable selection
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Receiver operating characteristic analysis was applied to each factor identified as significant (P < 0.05)
in univariate analysis (Fig. 3). Table 3 displays the AUCs and optimal cut-off values. LASSO regression
was used for variable selection in the final model. In accordance with the A1se criterion, SF, SAA, and D-
dimer were retained as candidate predictors. To evaluate the stability of variable selection, LASSO
regression was repeated on 1,000 bootstrap resamples. SF, SAA, and D-dimer had selection frequencies
of 99.5%, 91.6%, and 81.2%, respectively, indicating good selection stability. However, CRP and LDH
exhibited a relatively low selection frequency of 62.5% and 60.3%, respectively. For SF, SAA, and D-dimer,
the variance inflation factors (VIF) were 1.111, 1.199, and 1.206, respectively, which indicated the
absence of significant multicollinearity among the predictors. Figure 4 shows the corresponding 10-fold
cross-validation curve. Then a multivariable logistic regression with Firth's penalty was applied to these
three factors.
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Table 2

Comparison of laboratory parameters and imaging findings

WBC(10°/L),
Mean = SD

NEUT%, IQR

CRP (mg/L), IQR
Apo-B (g/L),
Mean = SD

LDH (U/L), IQR

LDL (mmol/L),
Mean + SD
CK-MB (U/L), IQR

PCT (ng/ml), IQR
SF(ng/ml),

Mean + SD
SAA(mg/L), IQR

D-dimer(ug/ml), IQR
atelectasis

no

yes

aerothorax

no

yes

Non-PB group
(n=35)

11.18 £3.90
63.70

(53.65, 78.65)
7.77 (2.01,13.84)
0.79+0.23

297.00
(264.50, 334.50)
2.37 +0.80

33.00
(23.75, 37.50)
0.15 (0.12, 0.23)
90.92 + 38.48

17.50 (7.15, 32.00)

0.35(0.24, 0.53)

26 (74.29)
9 (25.71)

35 (100.00)
0 (0.00)

PB group

(n=16)

10.97 £ 3.97

7515

(64.77, 86.30)
16.41 (9.64, 34.04)
0.87+0.30

352.40
(305.25, 379.25)
2.40 +0.97

28.50
(24.00, 38.95)
0.24 (0.15, 0.33)
201.33 + 85.97

94.40 (32.40,
320.00)

1.02 (0.62, 1.46)

10 (62.50)
6 (37.50)

14 (87.50)
2 (12.50)

Statistic

t=0.178
Z=-1.330

Z=-3.015
t=-0.998

Z=-2.335

t=-0.119

Z=-0.295

Z=-1.890

t=-4.917

Z=-3.671

Z=-4.000
x2= 0.735

0.860
0.184

0.003
0.323

0.020

0.905

0.768

0.059
<0.001

<0.001

<0.001
0.391

0.094

Note: WBC, count of white blood cell ; NEUT%, percentage of neutrophile granulocyte; CRP, C-reactive
protein; LDH, lactate dehydrogenase; Apo-B, apolipoprotein B; PCT, procalcitonin; LDL, low-density
lipoprotein; CK-MB, creatine kinase-MB; SF, serum ferritin; SAA, serum amyloid A.
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WBC(10°/L), Non-PB group PB group Statistic P

Mean * SD (n=35) (n=16)

11.18 £3.90 10.97 +3.97 t=0.178 0.860
pleural effusion ¥x?=0.893 0.345
no 33(94.29) 13 (81.25)
yes 2 (5.71) 3(18.75)

Note: WBC, count of white blood cell ; NEUT%, percentage of neutrophile granulocyte; CRP, C-reactive
protein; LDH, lactate dehydrogenase; Apo-B, apolipoprotein B; PCT, procalcitonin; LDL, low-density
lipoprotein; CK-MB, creatine kinase-MB; SF, serum ferritin; SAA, serum amyloid A.

Table 3
Predictive performance and optimal cut-off values of candidate variables

AUC CRP (mg/L) LDH (U/L) SF(ng/ml) SAA(mg/L) D-dimer(ug/ml)

0.766 0.706 0.863 0.823 0.853
Cut-off  19.290 346.400 175.550 33.800 0.575

Model Construction via Firth's Logistic Regression and
Bootstrap Validation

Multivariable Firth's penalized logistic regression identified SF, SAA, and D-dimer as the prospective risk
factors for PB in children with severe mono-HBoV1 pneumonia (Table 4).

Table 4
Results of multivariable Firth's penalized logistic regression
Variable B OR 95%ClI P

(Intercept) -5.7239 0.003 0.000,0.041 <0.001
SF 0.0243 1.025 1.010,1.046 <0.001
SAA 0.0146 1.015 1.003,1.052 0.014
D_dimer 0.8094 2.247 1.060,5.994 0.036

Note: OR, odds ratio; 95%Cl, 95% confidence interval.

To assess model stability, we conducted internal validation of the multivariable Firth's penalized
regression via 1,000 bootstrap iterations. The model exhibited stable discrimination, with an AUC of
0.952 (95% Cl: 0.882-0.996; Fig. 5). Figure 6 presents the calibration curve derived from bootstrap
validation. Calibration was satisfactory, as reflected by a Brier score of 0.072 (95% CI: 0.032-0.120), and
the Hosmer-Lemeshow test suggested no significant miscalibration (P = 0.556).
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Discussion

In this study, after excluding co-infections and severe cardiovascular and cerebrovascular diseases,
Firth's penalized regression and bootstrap validation showed that increased SF, SAA, and D-dimer
concentrations are exploratory predictors of PB caused by HBoV1. These biomarkers are readily
available. They provide a practical way to stratify risk. Furthermore, they may help clarify the pathogenic
processes involved in HBoV1-associated PB.

Acute-phase response markers for HBoV1-associated PB:
SF and SAA

In this research, SF and SAA were elevated in children with HBoV1-associated PB. SF is an intracellular
iron-storage protein that increases sharply during inflammation, infection, or tissue injury [9]. In
pneumonia due to MP or COVID-19, SF is an important indicator of severity [10,11]. Although significantly
elevated SF levels have also been reported in MP-associated PB vs. non-PB controls, previous studies
have not incorporated SF into clinical risk-prediction models [12]. We hypothesize that the significant
elevation of SF in HBoV1-associated PB indicates severe airway mucosal damage and a correspondingly
robust inflammatory response in the PB group.

Similarly, although SAA is also expressed in extrahepatic tissues during inflammatory cascades, it is a
major acute-phase protein primarily synthesized by hepatocytes [13]. Elevated SAA independently
correlated with an increased risk of severe pneumonia and served as a potential predictor for sepsis,
highlighting its close involvement in systemic inflammatory cascades [14,15]. Our findings showed
significantly higher serum SAA levels in children who developed HBoV1-associated PB. This supports
the notion that cases in the PB group experience more severe airway damage and stronger inflammatory
reactions.

As reported in previous investigations on MP-associated PB, CRP and LDH were significant predictors of
PB [16]. Increased CRP and LDH in pediatric HBoV1-associated PB have been described by Liu et al. [17],
but their findings lacked a non-PB control group. Although significantly increased in our PB group, CRP
and LDH were infrequently selected by bootstrap LASSO. Whether these acute-phase reactants truly
predict outcomes in HBoV1-associated PB calls for further evaluation in multicenter settings.

Coagulation dysfunction in HBoV1-associated PB

D-dimer is a marker for cross-linked fibrin degradation. Its rise suggests the activation of coagulation
and fibrinolytic pathways [18]. Children with PB showed significantly elevated D-dimer concentrations
relative to the non-PB group, suggesting a hypercoagulable state. Given the close interplay among
inflammation, coagulation, and fibrinolysis in severe pulmonary infections, the elevated D-dimer levels
observed in the PB group may reflect an active coagulation process, indicative of a prothrombotic state
driven by airway injury [19].
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Previous studies indicate that the levels of D-dimer are increased in MP-related PB, with cut-off values
between 0.895 mg/L and 3.68 mg/L [20—22]. Moreover, Liu et al. [17] found that in severe HBoV1-
associated PB, the increase in D-dimer was less than that in cases of MP infections. This distinction
suggests that a lower threshold for D-dimer might be more appropriate for detecting PB in children with
severe mono-HBoV1 pneumonia. Our results are very close to the observations made by Liu et al., in
which the median value of D-dimer in the HBoV1-associated PB group was 1.02 mg/L. We found a D-
dimer threshold of 0.575 mg/L to predict PB in severe pediatric HBoV1 pneumonia, which is a diagnostic
cut-off that has not been previously reported. This is the first diagnostic threshold suggested for this
particular setting. Given the limited and single-institution research scope, we should cautiously evaluate
this threshold and further test in larger, multi-center groups.

Limited value of radiological features for HBoV1-
associated PB

Some studies have reported atelectasis is a key radiographic finding in PB [23,24], but others report no
statistical difference in atelectasis occurrence between non-PB and PB patients [25]. Similarly, our
results revealed no notable radiological differences between the two groups. Atelectasis, pleural
effusion, and pneumothorax were seen at comparable frequencies in both groups. These observations
highlight a key limitation: radiological features alone are inadequate for a reliable diagnosis of PB.
Quantitative imaging for lesion characterization may, however, prove useful in future work. To date, only
one early study has identified lesion volume as an independent risk factor for MP-associated PB [26].
Quantitative evaluation was not feasible in this analysis, because CT slice thicknesses were inconsistent
across patients. Standardized imaging protocols in future prospective studies are needed to confirm
whether quantitative metrics are reliable PB predictors.

Clinical application of the model

This research is clinically significant. The three biomarkers offer low-cost, rapid results. Combined, they
may help guide bronchoscopy decisions. For example, in pediatric patients with severe HBoV1
pneumonia and pulmonary consolidation, elevated biomarker levels could provide early warning of
potential PB. This supports clinicians in assessing the need and timing for bronchoscopy. Such a
strategy may enable timely intervention for at-risk children and reduce unnecessary invasive procedures.
However, these findings are preliminary and require prospective validation in larger, more diverse
populations.

Limitations

We acknowledge some limitations in our study. First, because bronchoscopy was in performedall
enrolled patients, some degree of selection bias may persist. Most excluded cases that did not undergo
bronchoscopy presented with mild pneumonia or showed no pulmonary consolidation. As the absence
of consolidation is generally considered a non-indication for bronchoscopy [27], performing the
procedure in patients with mild pneumonia may conflict with the ethical principle of non-maleficence.
From a pathophysiological perspective, PB typically causes bronchial lumen obstruction, resulting in lung
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consolidation or atelectasis. The probability of clinically significant PB occurring without consolidation is
extremely low. However, a small subset of children with pulmonary consolidation was excluded because
bronchoscopy was not performed for non-medical reasons. Since bronchoscopy is the diagnostic gold
standard for PB, treating patients without confirmed results as controls would risk severe false-negative
misclassification. Second, because HBoV1-associated PB is uncommon, our sample size was
necessarily limited. To reduce overfitting and account for the small sample size, we used bootstrap
LASSO regression (1,000 iterations) and Firth's penalized regression, validating the results internally with
bootstrapping. In addition, to better understand the specific effects of HBoV1-associated PB, we
excluded cases with co-pathogens, since mixed infections are common and can change clinical
features. Due to the absence of cytokine and immune-related laboratory parameters, our ability to
conduct a more comprehensive analysis of the pathogenesis of HBoV1-associated PB was limited.
Future prospective investigations with extensive multicenter cohorts, co-infection subgroups, and
comprehensive immune profiling are necessary to support and refine this predictive model.

Conclusion

In conclusion, elevated SF, SAA, and D-dimer levels were observed in children with severe HBoV1
pneumonia who progressed to PB. The findings suggest that virus-induced hypercoagulability and tissue
injury may contribute to this process. As these biomarkers are routinely measured, they could support
early risk assessment. However, the current evidence remains preliminary, and further studies are
needed to determine their clinical relevance.
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Patient Enrollment
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Figure 1

Flowchart of patient enrollment and analysis.

A total of 484 children with HBoV1 pneumonia were initially screened. After excluding 433 cases (mixed
infections, n=291; mild or no bronchoscopy, n=138; severe cerebral palsy, n=2; incomplete data, n=2), 51
patients with severe pneumonia resulting from human bocavirus monoinfection were enrolled and
divided into PB (n=16) and non-PB (n=35) groups. LASSO regressionidentified three variables for Firth
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penalized logistic regression, which yielded D-dimer, LDH, and SAA as independent risk factors. ROC
analysis and 1000 bootstrap resamples evaluated model discrimination and calibration.

PB, plastic bronchitis; LASSO: least absolute shrinkage and selection operator; ROC, receiver operating
characteristic.

| 16:35:11
20240717

Figure 2

Radiographic and bronchoscopic features in the severe HBoV1 pneumonia.
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(A) Chest CT image showing pneumothorax. (B) Chest CT image showing atelectasis. (C) Extracted
bronchial cast with tree-like morphology. (D) Bronchoscopic visualization of the bronchial cast.
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Figure 3

ROC curves of candidate variables for PB.

Receiver operating characteristic curves for C-reactive protein (CRP), D-dimer, lactate dehydrogenase
(LDH), serum amyloid A (SAA), and serum ferritin (SF) in predicting plastic bronchitis among children
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with severe HBoV1 pneumonia. Area under the curve (AUC) values are shown with 95% confidence
intervals.

Lasso Cross-Validation Curve
5 5 5 5 5 5 5 5 55 55 5 5050553 333 3 2 1

| |
f— - i i -~~~ lambda.min
: I ---- lambda.1se
| | }
| |
| | [ ]
o i I
N | |
A | 1 [ ]
| |
| |
o i | *
- : : L]
L] | |
= | | -
a i I .
© | I .
£ I I :
g i..---. : : -
i]_:l (58] ] toe i..- : : [ ]
O -.'i I I [ ]
it ' ! Y
[ P 1 |
teal f | ®
..'l- I -T
'--.,_. . et
© | "--.+..--' I
o | |
| |
| |
T T T T T ' T ' T T
-8 -7 -G -5 -4 -3 -2 -1
Log(%.)
Figure 4

Cross-validation curve of LASSO regression.
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ROC Curve of Firth's penalized logistic regression
(Bootstrap, n = 1000)
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Figure 5

ROC curve of the multivariable Firth's penalized logistic regression model.

The plot illustrates the apparent and optimism-corrected AUCs evaluated via 1000 bootstrap resamples.
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Calibration Curve (Bootstrap, n = 1000)
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Figure 6

Calibration curve of the multivariable Firth's penalized logistic regression model.

The plot shows the Hosmer-Lemeshow test (P = 0.556) and Brier score (0.072), demonstrating good
agreement between predicted probabilities and observed outcomes.
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