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Background: Severe adenovirus pneumonia (SAP) in children is associated with both in-hospital mortality and long-term respi-
ratory sequelae, particularly bronchiolitis obliterans (BO). However, most previous studies have focused on single biomarkers
or single clinical endpoints, limiting integrated prognostic assessment. This study aimed to develop and internally validate a
multivariable prediction model for a composite adverse outcome of in-hospital death or BO in pediatric SAP.

Methods: This single-center, retrospective, patient-level integrated analysis included 90 unique children with SAP after cross-
study deduplication and eligibility screening of three partially overlapping source cohorts. The primary outcome was a composite
of in-hospital death or BO. Candidate predictors were screened using least absolute shrinkage and selection operator regression
with 10-fold cross-validation, followed by multivariable logistic regression and backward elimination based on the Akaike infor-
mation criterion. Model performance was assessed by discrimination, calibration, decision curve analysis, and bootstrap internal
validation. A simplified bedside risk score was subsequently derived from the final model.

Results: The composite adverse outcome occurred in 21 of 90 children (23.3%), including 13 in-hospital deaths and 8 cases of
BO. Five predictors were retained in the final model: an increase in the neutrophil-to-lymphocyte ratio from baseline to the
treatment-intensive phase (p = 0.001), systemic immune-inflammation index of 1500 or greater during the treatment-intensive
phase (p = 0.007), higher treatment-intensive-phase lactate dehydrogenase (p = 0.011), longer total fever duration (p = 0.039),
and bacterial co-infection (p = 0.038). The apparent area under the receiver operating characteristic curve was 0.887, and the
bootstrap-corrected value was 0.845. The derived bedside score stratified patients into low-, intermediate-, and high-risk groups,
with observed event rates of 4.2%, 25.0%, and 85.7%, respectively.

Conclusion: In this single-center retrospective integrated analysis, a multivariable model incorporating dynamic inflammatory
change, fever burden, tissue injury, and bacterial co-infection showed promising internally validated discrimination for the com-
posite outcome of in-hospital death or BO in children with SAP. The derived bedside score should be regarded as a hypothesis-
generating tool for internal risk stratification, and external validation is required before clinical implementation.
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Introduction

Human adenovirus is a major pediatric respiratory
pathogen capable of causing a broad spectrum of illness,
from self-limited upper respiratory infection to severe pneu-
monia with respiratory failure, systemic complications, and
death [1]. In children, severe adenovirus pneumonia (SAP)
is clinically important not only because of acute in-hospital
deterioration but also because of its association with long-
term respiratory sequelae, particularly post-infectious bron-
chiolitis obliterans (PIBO) [2,3,4]. Recent reviews have
emphasized that SAP continues to pose substantial chal-
lenges in early recognition, prognostic assessment, and
management — in part because no universally effective an-

tiviral therapy has been established and treatment remains
largely supportive and complication-oriented [1]. Cohort
data have further documented considerable rates of severe
disease and subsequent respiratory morbidity, with bron-
chiolitis obliterans among the most consequential chronic
sequelae [2,4].

Growing attention has been directed toward identify-
ing clinical and laboratory markers that may help stratify
risk in children with adenoviral pneumonia [1,5,6]. Pub-
lished studies have linked poor outcomes to prolonged
fever, hypoxemia, mechanical ventilation, low albumin,
elevated inflammatory indices, and biochemical evidence
of tissue injury, including increased lactate dehydroge-
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nase (LDH) [1,5,6,7,8]. A recent meta-analysis found
that elevated pre-treatment LDH was associated with se-
vere adenoviral pneumonia, PIBO development, and in-
hospital mortality [7]. Predictive tools have also begun to
emerge: nomogram-based models have been proposed for
SAP severity [9,10], for PIBO after severe adenoviral pneu-
monia [11], and for BO development in children with SAP
[12] — collectively indicating that prognostic modeling in
this field is both feasible and clinically relevant.

Several gaps, however, persist in the current litera-
ture. First, most existing studies have focused on a sin-
gle endpoint — such as severe versus non-severe pneumo-
nia, in-hospital mortality, or PIBO/BO alone — rather than
a broader adverse outcome spectrum capturing both acute
fatal events and major chronic sequelae [5,8,9,10,11,12].
Second, many studies have relied on isolated biomarkers
or relatively simple prediction frameworks that may not
fully reflect the multifactorial nature of SAP progression
[7,13,14,15]. Third, PubMed-indexed reports identified in
our review still largely model SAP severity or BO sepa-
rately rather than integrating these outcomes into a unified
prognostic framework [9,10,11,12]. Taken together, these
considerations point to a need for a more comprehensive
model that moves beyond single-marker or single-outcome
analyses and better reflects the real clinical burden of SAP.

Against this background, we conducted a single-
center, retrospective, patient-level integrated re-analysis of
three partially overlapping exploratory cohorts of children
with SAP. After cross-study deduplication and harmoniza-
tion of predictor definitions and observation windows, we
aimed to develop and internally validate a multivariable
prediction model for a composite adverse outcome of in-
hospital death or bronchiolitis obliterans. This study fo-
cused on a composite endpoint that captures both acute fatal
events and major chronic respiratory sequelae. It also incor-
porated dynamic inflammatory change rather than relying
solely on baseline markers, thereby addressing the gap left
by prior single-outcome exploratory studies.

Methods
Study Design and Reporting Framework

This study was a single-center, retrospective, patient-
level integrated secondary cohort analysis for prognostic
model development and internal validation. The analysis
integrated partially overlapping individual-patient datasets
generated by the same clinical team at the Hebei Chil-
dren’s Hospital, Shijiazhuang, Hebei, China, over the pe-
riod from January 2017 to June 2023. The study aimed to
develop and internally validate a multivariable prediction
model for a composite adverse outcome of in-hospital death
or BO in children with SAP. Reporting was aligned with
the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) statement and the Transparent
Reporting of a multivariable prediction model for Individ-
ual Prognosis Or Diagnosis (TRIPOD) statement.

Source Studies, Data Integration, and Deduplication

The integrated cohort was derived from three prior
retrospective source studies conducted at the same center.
These studies respectively examined dynamic neutrophil-
to-lymphocyte ratio (NLR) and biochemical indices in
SAP, blood routine-derived inflammatory indices for BO
development, and NLR combined with biochemical indices
in critically ill children with adenovirus pneumonia. They
addressed related but non-identical questions and had par-
tially overlapping recruitment periods and patient popula-
tions.

To construct the integrated analytic cohort, all source
records were cross-linked before analysis to identify po-
tential patient overlaps. Deduplication was performed pri-
marily using the medical record number, with confirmation
based on patient name, date of birth, and admission date.
Where overlap was identified, source charts were reviewed
and the most complete unique patient-level record was re-
tained. The pooled source dataset initially contained 105
records; after removal of 5 duplicates, 100 unique patients
remained. Application of the final eligibility criteria ex-
cluded 10 additional patients, yielding a final analytic co-
hort of 90 unique children. For transparency, the relation-
ship between the three source studies and the current in-
tegrated analysis is summarized in Supplementary Table
1, including study period, sample size, primary outcome,
key assessment window, overlap context, and the analytic
contribution of the present manuscript. The final exclusion
breakdown was as follows: hospital stay <72 hours (n = 3);
severely incomplete records or missing key baseline data
(n = 2); no eligible treatment-intensive reassessment within
the prespecified days 410 window (n = 3); pre-existing BO
at admission (n = 1). One additional patient was excluded
because of a concurrent condition requiring urgent surgical
intervention unrelated to SAP (n=1).

Study Population

Eligible patients were children aged 1 month to 18
years who met the institutional diagnostic criteria for SAP.
Inclusion required: (1) virologic confirmation of aden-
ovirus infection in respiratory specimens by molecular test-
ing; (2) clinical and radiologic evidence of pneumonia; and
(3) fulfillment of at least one severe-disease criterion, such
as persistent high fever, respiratory distress, hypoxemia,
rapid radiologic progression, or major systemic complica-
tions. Patients were excluded if they met any of the exclu-
sion conditions described above. Because this study com-
prised a retrospective integrated cohort of all eligible unique
patients available during the study period, no formal a priori
sample size calculation was performed.

Data Collection and Candidate Predictors

Clinical, laboratory, and outcome data were ex-
tracted retrospectively from the source datasets and, where
necessary, verified against the original medical records.
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Baseline variables included demographic characteristics,
underlying disease status, pre-admission clinical course,
admission symptoms and signs, adenovirus type 7 sta-
tus when available, infection characteristics, hematologic
markers, inflammatory markers, and organ-injury indica-
tors. Derived inflammatory indices included the NLR,
platelet-to-lymphocyte ratio (PLR), and systemic immune-
inflammation index (SII). NLR was calculated as neutrophil
count divided by lymphocyte count; PLR as platelet count
divided by lymphocyte count; and SII as platelet count x
neutrophil count divided by lymphocyte count.

Three assessment windows were prespecified to cap-
ture baseline status and dynamic changes during treatment.
Baseline was defined as data obtained within 24 hours of ad-
mission. The treatment-intensive phase was defined as days
5-9 after treatment initiation, with day 7 as the anchor time
point; if day-7 data were unavailable, the closest available
reassessment value within days 4-10 was used. Dynamic-
change variables were derived from baseline and intensive-
phase values, including ANLR, defined as intensive-phase
NLR minus baseline NLR.

A total of 26 prespecified candidate predictors were
entered into the initial LASSO screening stage, but the com-
plete variable-level candidate list could not be fully recon-
structed from the available documentation. Accordingly,
Supplementary Table 2 is provided as a transparency-
oriented reconstructed summary of the candidate predic-
tor set recoverable from the current integrated analysis and
the three overlapping source studies; it should not be inter-
preted as a verbatim reproduction of the original analytic
input matrix. Any discrepancy between Supplementary
Table 2 and the original analytic input matrix should be re-
solved in favor of the original analytic code, if available.

Definitions of Key Clinical Variables

Bacterial co-infection was defined using an integrated
adjudication framework based on the source records, given
the retrospective nature of the study and potential variability
in documentation across source datasets. Cases were classi-
fied as positive when clinically relevant bacterial pathogens
were documented by culture and/or PCR testing during
hospitalization, or when the treating team recorded bacte-
rial co-infection on the basis of compatible clinical, labo-
ratory, and radiologic findings together with antibacterial
treatment escalation. This combined microbiologic-and-
clinical approach was adopted to reflect real-world retro-
spective pediatric respiratory-infection adjudication across
source datasets.

Adenovirus type 7 status was extracted from the
source records and, when available, had been determined
using real-time PCR-based typing assays performed on doc-
umented institutional platforms within the source datasets.

2273

Laboratory and Diagnostic Procedures

Across the source datasets, complete blood count
(CBC) testing, serum biochemical assays, molecular respi-
ratory pathogen testing, high-resolution chest CT (HRCT),
and pulmonary function testing were performed using di-
agnostic systems commonly used at the study center across
the source-study periods. CBC testing was conducted us-
ing hematology analyzer systems, and biochemical mea-
surements, including C-reactive protein (CRP), aspartate
aminotransferase (AST), lactate dehydrogenase (LDH), and
albumin, were performed on automated biochemistry ana-
lyzer systems. Adenovirus infection was confirmed using
molecular testing workflows that included multiplex RT-
PCR-based methods. HRCT examinations were obtained
using multidetector chest CT systems. Pulmonary func-
tion testing, when applicable for BO evaluation, was per-
formed using standard pediatric pulmonary function sys-
tems. Because this study was a retrospective integrated re-
analysis of partially overlapping source cohorts spanning
multiple years, exact instrument models may have varied
across study periods; these descriptions therefore refer to
commonly used testing systems across the source datasets
rather than implying a single fixed platform for all patients.

Standard Treatment Categories

During the treatment-intensive phase, “standard treat-
ment” referred to the routine inpatient management cate-
gories used for SAP at the study center, including antivi-
ral therapy, respiratory support and supportive care, im-
munomodulatory therapy when clinically indicated, and an-
tibacterial therapy for documented or suspected bacterial
co-infection. Treatment was reported at the level of broad
clinical categories because a fully standardized patient-
level regimen map could not be reconstructed retrospec-
tively across the overlapping source datasets. This con-
servative approach is consistent with current pediatric ade-
novirus pneumonia reviews, which describe management
primarily in terms of major treatment classes rather than a
single universally standardized regimen [1].

Outcome Definitions and Ascertainment

The primary outcome was a composite adverse end-
point defined as in-hospital death or bronchiolitis obliterans
(BO).

In-hospital mortality was defined as all-cause death
during the index hospitalization for SAP.

BO ascertainment was based on post-discharge
follow-up records available in the source datasets; a fully
standardized follow-up schedule could not be reconstructed
retrospectively. BO diagnosis required a prior SAP episode
together with persistent or recurrent respiratory symptoms
following the acute infection and supportive objective ev-
idence on HRCT and/or pulmonary function testing, con-
sistent with published pediatric post-infectious bronchioli-
tis obliterans criteria [3]. HRCT evidence was considered
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supportive when the records documented findings compat-
ible with small-airway obstruction, such as mosaic atten-
uation/perfusion, air trapping, bronchial wall thickening,
or bronchiectatic changes. Pulmonary function evidence,
when available, was considered supportive when persistent
obstructive ventilatory impairment or small-airway dys-
function was documented. Formal blinded outcome adjudi-
cation was not implemented in this retrospective integrated
analysis.

For patients diagnosed with BO, the interval from the
index SAP episode to BO diagnosis was extracted from
available follow-up records and summarized as median and
range.

Model Development and Internal Validation

This study was designed as a prognostic model de-
velopment analysis. Candidate predictors were prespeci-
fied based on cross-study availability, clinical relevance,
and consistency with the integrated clinical framework. Ini-
tial variable screening was performed using least absolute
shrinkage and selection operator (LASSO) regression with
10-fold cross-validation. Variables with non-zero coeffi-
cients were subsequently entered into a multivariable logis-
tic regression model, and backward elimination based on
the AIC was applied to derive a parsimonious final model.
The threshold for intensive-phase SII was determined us-
ing maximally selected rank statistics. The final regression
model was then translated into a simplified integer-based
bedside score by scaling retained regression coefficients
relative to the smallest retained coefficient and rounding
the resulting values to clinically interpretable integer points,
consistent with standard approaches for developing simpli-
fied clinical prediction scores from regression-based prog-
nostic models [16,17]. The category boundaries for ANLR,
intensive-phase LDH, and total fever duration were selected
to simplify bedside point assignment and should not be
interpreted as independently validated biological cutoffs.
Risk strata were subsequently defined according to the dis-
tribution of total scores and the observed event rates in this
derivation cohort; these strata were considered exploratory
derivation-cohort classifications pending external valida-
tion, in accordance with transparent prediction-model re-
porting principles [16,17].

Statistical Analysis

All statistical analyses were performed using R soft-
ware, version 4.3.0 (R Foundation for Statistical Comput-
ing, Vienna, Austria). Categorical variables are presented
as number (percentage). Continuous variables are pre-
sented as median (interquartile range) for non-normally dis-
tributed data and as mean =+ standard deviation when appro-
priate. Between-group comparisons were performed using
the chi-square test or Fisher exact test for categorical vari-
ables and the Mann-Whitney U test for continuous variables
that did not satisfy distributional assumptions. In Table 1,

the corresponding test statistic was reported as > for chi-
square tests and U for Mann-Whitney U tests; Fisher exact
tests were labeled as such when used because no y? statis-
tic was generated. All tests were two-sided, and p values
< 0.05 were considered statistically significant. Effect es-
timates are reported with 95% confidence intervals where
applicable.

Model discrimination was assessed using the area
under the receiver operating characteristic curve, in line
with standard reporting for prediction-model studies [16].
Calibration was evaluated visually with a calibration plot
and statistically with the Hosmer-Lemeshow goodness-of-
fit test [18]. Clinical utility was examined using decision
curve analysis [19]. Internal validation was performed us-
ing 1000 bootstrap resamples to estimate optimism and de-
rive a bootstrap-corrected area under the receiver operating
characteristic curve [17]. Records with severely incomplete
baseline information were excluded during cohort integra-
tion, and the final model was fitted using a complete-case
approach; no imputation procedures were applied. Because
this was a prognostic model development study and no for-
mal multiplicity adjustment was prespecified for secondary
or exploratory analyses, such findings were interpreted cau-
tiously with attention to the potential for type I error.

Results

Study Population and Participant Flow

The integrated dataset initially comprised 105 patient
records derived from three partially overlapping source
studies. After cross-study deduplication, 100 unique pa-
tients remained. Application of the predefined eligibility
criteria excluded 10 additional patients, leaving 90 unique
children with severe adenovirus pneumonia in the final an-
alytic cohort (Fig. 1). The composite adverse outcome —
in-hospital death or bronchiolitis obliterans — occurred in
21 of 90 patients (23.3%), comprising 13 deaths and 8 BO
cases. Among the 8§ patients diagnosed with BO, the median
interval from the index SAP episode to BO diagnosis was
4.0 months (range, 2-9 months). These counts reflect the
final deduplicated analytic cohort after application of the
integrated eligibility criteria and should not be interpreted
as direct carryovers from any single source study, given the
overlapping patient populations and differing primary out-
comes across source studies.

Baseline Characteristics

Baseline demographic, clinical, and laboratory char-
acteristics are summarized in Table 1, stratified by com-
posite outcome (adverse vs. favorable). The overall co-
hort had a median age of 144 months (IQR, 96-180), and
55 patients (61.1%) were male. This age distribution re-
flects the final post-deduplication integrated analytic co-
hort rather than any individual source cohort. After re-
calculation of all between-group tests using the prespeci-
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Table 1. Demographic and baseline clinical characteristics of the study cohort.

Overall cohort
(n=90)

Characteristic

Composite adverse
outcome (n=21)

Favorable outcome

Test statistic  p value
(n=169)

Demographics

Age, months, median (IQR) 144 (96, 180)

Male sex, n (%) 55 (61.1)
Comorbidities

Any underlying disease, n (%) 33 (36.7)
Clinical presentation at admission

Fever duration before admission, 7.0 (4.0, 10.0)

days, median (IQR)
Peak temperature,
°C, median (IQR)
Hypoxia sign, n (%)
Wheezing, n (%)
Baseline laboratory values,
median (IQR)
White blood cell count, x10°/L
Neutrophil count, x10%/L
Lymphocyte count, x10°/L

39.6 (39.2, 40.0)

89 (98.9)
84 (93.3)

11.6 (9.2, 14.8)
7.0 (4.8,9.6)
3.5(2.6,4.7)

Baseline inflammatory indices,

median (IQR)

Neutrophil-to-lymphocyte ratio (NLR)
Platelet-to-lymphocyte ratio (PLR)
Systemic immune-inflammation

index (SII)

C-reactive protein, mg/L

2.07 (1.38, 3.24)
143.6 (107.0, 232.5)

815.5 (502.8, 1380.8)

10.3 (2.1, 31.1)
Organ injury markers,
median (IQR)
Lactate dehydrogenase, U/L 434.5 (344.8, 599.0)
37.0 (25.0, 55.8)

39.9 (35.7, 44.0)

Aspartate aminotransferase, U/L
Albumin, g/L

Infection characteristics
Adenovirus type 7, n (%) 55 (61.1)

Bacterial co-infection, n (%) 53 (58.9)

132 (96, 168) 144 (96, 192) U=639 0.412
15(71.4) 40 (58.0) ¥ =1227  0.268
9(42.9) 24 (34.8) ¥ =0452  0.501

8.0 (6.0, 10.0) 6.0 (4.0, 10.0) U=1551 0.097

39.7 (39.4, 40.0) 39.5(39.1, 39.9) U =600 0.235
21 (100.0) 68 (98.6) Fisher exact  1.000

20 (95.2) 64 (92.8) Fisher exact  1.000

10.6 (7.9, 13.4) 11.9 (9.6, 15.5) U =586 0.186
6.5(4.8,9.6) 7.0 (4.9, 9.6) U =696 0.788
3.0(1.9,4.1) 3.7(2.8,4.9) U =506 0.037
2.71 (1.65, 4.70) 1.95 (1.35,2.99) U =540 0.078
163.8 (118.0,263.3)  138.2(105.4,218.6) U=614 0.293
1059.8 (589.2, 1806.0) 760.0 (490.0, 1242.0) U=574 0.151
17.5 (4.0, 55.9) 9.1(1.9,26.1) U =546 0.088
548.0 (393.0, 865.0)  422.0(338.0, 562.0) U=>515 0.046
46.0 (31.0, 80.0) 34.0 (24.0, 50.0) U=>511 0.042
36.6 (32.5,39.9) 41.0 (37.0, 44.7) U=423 0.004
14 (66.7) 41 (59.4) ¥ =035  0.551

14 (66.7) 39 (56.5) ¥ =0.684  0.408

Notes: Continuous variables were compared using the Mann-Whitney U test and are reported with the U statistic. Categorical variables were

compared using the chi-square test or Fisher exact test, as appropriate; x> values are reported when the chi-square test was used, whereas

Fisher exact test is indicated when applicable. The composite adverse outcome was defined as in-hospital death or bronchiolitis obliterans.

Abbreviations: 1QR, interquartile range; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; SII, systemic immune-

inflammation index.

fied methods shown in Table 1, patients with the composite
adverse outcome had significantly lower baseline lympho-
cyte counts (p = 0.037), higher lactate dehydrogenase lev-
els (p = 0.046), higher aspartate aminotransferase levels (p
=0.042), and lower albumin levels (p = 0.004). No statisti-
cally significant between-group differences were observed
for age (p = 0.412), sex (p = 0.268), underlying disease (p =
0.501), pre-admission fever duration (p = 0.097), peak tem-
perature (p = 0.235), hypoxia sign (p = 1.000), wheezing
(p = 1.000), white blood cell count (p = 0.186), neutrophil
count (p =0.788), adenovirus type 7 status (p = 0.551), bac-
terial co-infection (p = 0.408), baseline NLR (p = 0.078),
PLR (p =0.293), SII (p = 0.151), or CRP (p = 0.088).

Predictor Selection and Final Model Development

Among 26 prespecified candidate predictors, LASSO
regression with 10-fold cross-validation retained 8 wvari-
ables with non-zero coefficients, which were subsequently
entered into multivariable logistic regression. Backward
elimination based on the AIC yielded a final parsimo-
nious model containing 5 independent predictors (Table 2,
Ref. [16,17,18,19]). In the final model, a greater increase
in NLR from baseline to the treatment-intensive phase
(ANLR) was associated with a higher risk of the composite
adverse outcome (adjusted odds ratio [aOR], 1.52 per unit
increase; 95% CI, 1.18-1.95; p=0.001). Other independent
predictors included intensive-phase SII >1500 (aOR, 6.40;
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Source study A
Dynamic NLR and
biochemical markers

for death
Jan 2017 Mar 2021
Records contributed: n=70

Source study B
Dynamic CBC-derived
inflammatory indices

for BO
2019 2023
Records contributed: n=77

Source study C
PICU-time NLR plus
biochemical markers

for death
Jan 2018 Jun 2022
Records contributed: n=69j

Three partially overlapQ
studies from the same ¢

ing exploratory source
enter

Pooled source-study records
before deduplication
n=105

Unique records after
deduplication
n=100

Eligibility screening against predefined inclusion/exclusion criteria
Excluded after deduplication: n = 10
Hospital stay <72 h: n=3
Severely incomplete records or missing key baseline data: n = 2
No eligible treatment-intensive reassessment within days 4-10: n =3
Pre-existing BO at admission: n = 1
Concurrent condition requiring urgent surgical intervention unrelated to SAP: n = 1

Final integrated analysis cohort
Unique pediatric severe adenovirus pneumonia patients

n=90

Fig. 1. Flow diagram of source-study integration, cross-study deduplication, eligibility screening, and final cohort assembly. The

figure also identifies the three partially overlapping source studies contributing to the pooled dataset before deduplication.

95% CI, 1.65-24.84; p = 0.007), higher intensive-phase
LDH per 100 U/L increase (aOR, 1.23; 95% CI, 1.05-1.44;
p = 0.011), and longer total fever duration per day (aOR,
1.11; 95% CI, 1.01-1.23; p = 0.039). Bacterial co-infection
was also independently associated with the composite ad-
verse outcome (aOR, 4.15; 95% CI, 1.08-15.97; p =0.038).
No meaningful multicollinearity was detected, with all vari-
ance inflation factors <2.5.

Model Performance and Internal Validation

Model performance metrics are summarized in Ta-
ble 3. The apparent discriminative performance of the fi-
nal model is shown in Fig. 2A, with an AUC of 0.887
(95% CI, 0.815-0.959). Internal validation using 1000
bootstrap resamples yielded a bootstrap-corrected AUC of
0.845 (95% CI, 0.756-0.934), corresponding to an opti-
mism estimate of 0.042. Calibration is shown in Fig. 2B;
the Hosmer—Lemeshow test was non-significant (y~ = 6.24,

df = 8; p = 0.620), indicating acceptable calibration. De-
cision curve analysis suggested net clinical benefit across
threshold probabilities of approximately 10% to 60% (Fig.
20).

Development and Performance of the Clinical Risk
Score

To facilitate exploratory bedside risk stratification,
the final regression model was converted into a simplified
integer-based scoring system ranging from 0 to 19 points
(Table 4, Ref. [16,17]). Point values were derived from the
relative magnitude of the retained regression coefficients
after scaling and rounding. Higher-risk categories were as-
signed for larger ANLR, intensive-phase SII >1500, higher
intensive-phase LDH, longer total fever duration, and bac-
terial co-infection; except for the SII threshold, these cat-
egory boundaries were used to simplify point assignment
rather than to define independently validated biologic cut-
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Table 2. Multivariable logistic regression model for predicting the composite adverse outcome.

Predictor B coefficient Adjusted OR  95% CI p value
Intercept —5.892 — — <0.001
ANLR (intensive phase — baseline) 0.417 1.52 1.18-1.95 0.001
Intensive-phase SII (=1500 vs <1500) 1.856 6.40 1.65-24.84 0.007
Intensive-phase LDH, per 100 U/L increase 0.205 1.23 1.05-1.44 0.011
Total fever duration, per day increase 0.108 1.11 1.01-1.23 0.039
Bacterial co-infection (yes vs no) 1.424 4.15 1.08-15.97 0.038

Notes: The SII cutoff of 1500 was determined using maximally selected rank statistics. Model performance
metrics were reported according to standard prediction-model methodology: discrimination by AUC, cali-
bration by calibration plot and the Hosmer-Lemeshow test, internal validation by bootstrap resampling, and
clinical utility by decision curve analysis [16,17,18,19]. All variance inflation factors were <2.5.

Abbreviations: OR, odds ratio; CI, confidence interval; ANLR, change in neutrophil-to-lymphocyte ratio
from baseline to treatment-intensive phase; SII, systemic immune-inflammation index; LDH, lactate dehy-

drogenase; AUC, area under the receiver operating characteristic curve.

(A) ROC curve (B) Calibration plot (C) Decision curve analysis
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Fig. 2. Performance of the multivariable prediction model. (A) Receiver operating characteristic curve. (B) Calibration plot. (C)

Decision curve analysis.

Table 3. Model performance metrics. in the high-risk group (Table 5). The total score retained
Metric Value strong discriminatory ability, with an AUC of 0.872 (95%
Apparent AUC (95% CI) 0.887 (0.815-0.959) CI, 0.792-0.953). Using the Youden index, the optimal cut-
Bootstrap-corrected  AUC 0.845 (0.756-0.934) off was =5 points, yielding a sensitivity of 90.5% and a
(95% CI) specificity of 73.9%.
Optimism 0.042
Hosmer-Lemeshow test ¥? =624, df=8; p=0.620 Discussion
Notes: Model discrimination was assessed using AUC, and in-
ternal validation was performed using 1000 bootstrap resam- This study presents a single-center, patient-level inte-
ples. Calibration was evaluated using the Hosmer-Lemeshow grated re-analysis of three partially overlapping exploratory
goodness-of-fit test. cohorts of children with SAP, conducted after cross-study
Abbreviations: AUC, area under the receiver operating charac- deduplication and harmonization of predictor definitions
teristic curve; CI, confidence interval; df, degrees of freedom. and observation windows. Among 90 unique patients,

the composite adverse outcome of in-hospital death or
BO occurred in 21 patients (23.3%). The final multivari-
able model included five predictors: the change in NLR
from baseline to the treatment-intensive phase (ANLR),
intensive-phase SII >1500, intensive-phase LDH per 100
U/L increase, total fever duration per day, and bacterial co-
infection. It showed good apparent and internally validated
discrimination, with an apparent AUC of 0.887, a bootstrap-
corrected AUC of 0.845, and a Hosmer—Lemeshow p value

offs. Based on the score distribution and observed event
rates in this derivation cohort, patients were exploratorily
stratified into low-risk (0—4 points), intermediate-risk (5-9
points), and high-risk (=10 points) groups. Observed com-
posite adverse outcome rates increased markedly across
these strata: 4.2% (2/48) in the low-risk group, 25.0%
(7/28) in the intermediate-risk group, and 85.7% (12/14)
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Table 4. Simplified clinical risk scoring system for predicting
the composite adverse outcome.

Predictor Category Points
<1.0 0
ANLR 1.0-2.9 2
>3.0 4
. <1500 0

Intensive-phase SII

>1500 6
<400 U/L 0
Intensive-phase LDH  400-799 U/L 1
>800 U/L 3
<7 days 0
Total fever duration 7-13 days 1
>14 days 2
Bacterial co-infection No 0
Yes 4

Total score range 0-19

Notes: Point values were derived from scaled and
rounded B coefficients of the final logistic regression
model, consistent with standard regression coefficient-
based approaches for simplified clinical prediction score
development [16,17]. Except for the intensive-phase
SII threshold determined using maximally selected rank
statistics, category boundaries were selected for bedside
interpretability and require external validation.

ANLR, change in neutrophil-to-
lymphocyte ratio from baseline to treatment-intensive

Abbreviations:
phase; SII, systemic immune-inflammation index;

LDH, lactate dehydrogenase.

of 0.620. A simplified integer-based bedside score de-
rived from the model yielded an AUC of 0.872 and de-
lineated three risk strata with markedly distinct compos-
ite adverse outcome rates: 4.2%, 25.0%, and 85.7% for
low-, intermediate-, and high-risk groups, respectively.
The present study should therefore be interpreted as an
integrated, hypothesis-generating secondary analysis that
extends prior single-outcome exploratory reports through
patient-level deduplication, outcome harmonization, and
multivariable model development with internal validation,
rather than as evidence supporting immediate clinical de-
ployment.

The dynamic trajectory of NLR from admission to
the treatment-intensive phase was independently associated
with the composite adverse outcome. In contrast, baseline
NLR alone showed only a non-significant trend. A sus-
tained or rising NLR during this window was associated
with a higher probability of the composite adverse outcome
in the present cohort. This pattern is consistent with an
expanding literature demonstrating that serial or dynamic
NLR measurements may provide superior prognostic in-
formation relative to single-timepoint assessments [13,14].
Lee et al. [13], in a retrospective study of 175 hospital-
ized community-acquired pneumonia patients, found that

an incrementally rising NLR from admission to day 4 (NLR
D4/D1 >1) was a stronger predictor of 30-day mortality
than admission NLR alone, and that this incremental change
significantly improved the prognostic utility of the Pneu-
monia Severity Index. A systematic review by Kuikel et
al. [14] further confirmed that NLR is a simple, accessi-
ble, and consistently predictive marker of adverse outcomes
in community-acquired pneumonia across diverse patient
populations. In the present pediatric SAP cohort, NLR tra-
jectory across the first week of treatment was independently
associated with the composite endpoint encompassing in-
hospital mortality and post-infectious BO.

Among the five retained predictors, intensive-phase
SIT >1500 carried the largest adjusted odds ratio, under-
scoring the potential prognostic relevance of this compos-
ite inflammatory index when measured at the treatment-
intensive phase [15]. The SII — calculated as platelet
count multiplied by neutrophil count, divided by lympho-
cyte count — integrates thrombocyte activation, innate im-
mune effector burden, and adaptive immune suppression
into a single measure that may capture a broader pathophys-
iological signal than either NLR or PLR alone [15]. Wang
et al. [15] reported that SII predicted severe Mycoplasma
pneumoniae pneumonia in 304 hospitalized children with
an AUC of 0.883, outperforming NLR, PLR, and the sys-
temic inflammation response index. The high odds ratio
for SII >1500 in the present analysis warrants attention;
however, the wide confidence interval (1.65-24.84) and the
limited number of composite outcome events (n = 21; ap-
proximately 4.2 events per final-model predictor) indicate
substantial uncertainty and a risk of overfitting. This esti-
mate therefore requires confirmation in larger external co-
horts before any firm conclusions can be drawn.

The independent association between intensive-phase
LDH and the composite adverse outcome is consistent with
published evidence linking elevated LDH to disease sever-
ity, mortality risk, and post-infectious BO in adenoviral
pneumonia [1,7]. A meta-analysis by Zou et al. [7], incor-
porating 23 studies and 4481 children, found that elevated
pre-treatment LDH was significantly associated with severe
versus non-severe adenoviral pneumonia and was addi-
tionally associated with PIBO development and in-hospital
mortality. In the present analysis, LDH assessed during the
treatment-intensive phase (days 5-9) was independently as-
sociated with the composite adverse outcome after multi-
variable adjustment. Persistently elevated LDH beyond the
early admission window may reflect ongoing disease bur-
den in this cohort, though the underlying processes cannot
be determined from the available data. Notably, baseline
LDH also differed significantly between outcome groups in
the unadjusted analysis, reinforcing LDH as a marker that
tracks disease burden across multiple time points — a pat-
tern consistent with the observation by Zhang et al. [1] of a
positive correlation between LDH and SAP severity.
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Table 5. Risk stratification and outcome rates based on the clinical score.

Risk category Total Score Patients, n (%) Composite Adverse Outcome,n  Event Rate, %
Low risk 04 48 (53.3) 2 4.2
Intermediate risk 5-9 28 (31.1) 7 25.0
High risk =10 14 (15.6) 12 85.7
Total — 90 (100.0) 21 233

Notes: Risk strata were defined in the derivation cohort according to the distribution of total scores
and observed event rates and should be interpreted as exploratory pending external validation. Per-
formance of the score: AUC, 0.872 (95% CI, 0.792—0.953). The optimal cutoff determined by the

Youden index was =5 points, yielding a sensitivity of 90.5% and a specificity of 73.9%.

Bacterial co-infection remained an independent pre-
dictor of the composite adverse outcome after multivari-
able adjustment [5,8]. Notably, the crude comparison of
bacterial co-infection rates between outcome groups did not
reach statistical significance, a discrepancy that may reflect
residual confounding by severity-related covariates in the
unadjusted analysis, the small cohort size, and the retro-
spective composite adjudication approach. Following mul-
tivariable adjustment, however, bacterial co-infection was
statistically associated with the composite adverse outcome
after accounting for inflammatory markers and fever dura-
tion. Prior evidence supports this direction: a three-year ret-
rospective pediatric intensive care unit (PICU) series from
Shanghai found that co-infection and nosocomial infection
were independent predictors of hospital mortality (16.42%)
in children with adenovirus pneumonia admitted for acute
hypoxemic respiratory failure [8]. A larger single-center
study of 189 SAP cases documented bacterial co-infection
in approximately one-third of patients, with co-infected in-
dividuals demonstrating greater multi-system involvement
[5]. These findings may inform how bacterial co-infection
is weighted within risk assessment frameworks for children
with SAP, though they do not constitute evidence for a spe-
cific management strategy.

The association between longer total fever duration
and the composite adverse outcome is consistent with prior
observations that prolonged fever may mark a more compli-
cated clinical course in adenovirus pneumonia [6]. Wang et
al. [6] similarly identified fever duration as a significant
risk factor for severe adenovirus pneumonia in a retrospec-
tive study of 202 children. In the context of the composite
outcome, prolonged fever may reflect greater illness bur-
den rather than a defined causal pathway to either compo-
nent outcome. Jerkic et al. [3] and Li et al. [4] have out-
lined the pathological cascade by which severe lower respi-
ratory tract infections in children can lead to BO, with un-
resolved airway inflammation proposed as a central mech-
anism,. The inclusion of total fever duration as a clinically
measurable, zero-cost variable in the bedside scoring sys-
tem represents a practical aspect of the model.

Several candidate predictors did not reach statisti-
cal significance and were excluded from the final model.
Baseline NLR, CRP, and pre-admission fever duration all

showed directionally consistent trends without achieving
conventional significance, likely reflecting limited statisti-
cal power in a cohort of 90 patients with 21 events. Aden-
ovirus type 7 status was not a significant predictor, which
may partly reflect its high prevalence in this cohort (61.1%),
limiting discriminatory capacity at this distribution. Age
and sex did not contribute significantly to risk prediction
in this cohort — in contrast to some prior studies report-
ing younger age as a mortality risk factor in SAP — though
the relatively older median age (144 months) and retrospec-
tive integrated design of the present analysis constrain di-
rect comparison. The non-significance of these variables
does not negate their potential biological relevance in other
SAP populations; it indicates only that they did not add in-
dependent predictive value within this dataset, beyond the
five retained predictors.

The predictors retained in the present score also over-
lap with several classic clinical indicators previously asso-
ciated with severe adenoviral pneumonia and adverse out-
comes, including prolonged fever, biochemical evidence
of tissue injury such as elevated LDH, and bacterial co-
infection [1,5,6,7,8]. However, the present model differs
from approaches based solely on static baseline indica-
tors by incorporating ANLR, which reflects the inflamma-
tory trajectory from admission to the treatment-intensive
phase. Thus, the score should not be viewed as replacing
established severity indicators; rather, it combines conven-
tional clinical markers with a dynamic inflammatory mea-
sure within a unified exploratory prediction framework.

Several prediction models have previously been de-
veloped for pediatric adenoviral pneumonia, but most have
focused on single clinical targets, such as SAP severity or
post-infectious BO, rather than a composite outcome span-
ning both acute mortality and chronic respiratory seque-
lae [9,10,11,12]. For example, Shen et al. [9] developed
a LASSO-based nomogram for SAP severity in 145 pedi-
atric patients, and Liang et al. [10] constructed a prediction
model for SAP using Ridge and multiple logistic regres-
sion,. Peng et al. [11] developed a nomogram for post-
infectious BO after adenoviral pneumonia following inva-
sive mechanical ventilation, and Xiao et al. [12] reported
a model for BO development in children with SAP,. In
contrast, the present study used a composite endpoint of in-
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hospital death or BO and incorporated ANLR as a dynamic
inflammatory indicator, together with intensive-phase SII,
LDH, total fever duration, and bacterial co-infection. This
combination may provide an incremental framework for
capturing both acute deterioration and longer-term airway
sequelae, although this potential advantage remains ex-
ploratory and requires external validation in multicenter co-
horts. Decision curve analysis suggested net benefit across
threshold probabilities from approximately 10% to 60%;
however, this finding should be interpreted as preliminary
because the model has undergone internal validation only
and has not yet been tested in an independent external co-
hort.

These findings carry implications for future research
on risk stratification in children hospitalized with SAP,
though the strength of those implications must be calibrated
to the limitations of the present study. The observed event
rates across score-defined strata demonstrate substantial
risk heterogeneity within this cohort; however, these sub-
group estimates should be interpreted cautiously given the
modest sample size and require external confirmation. For
patients in the intermediate-score range, the present find-
ings may support closer outcome monitoring in future val-
idation studies, but they do not establish a specific post-
discharge surveillance protocol. Although the >5-point
cutoff showed high sensitivity in this cohort, a score be-
low this threshold should not be interpreted as excluding
clinically meaningful risk. These observations are framed
as hypothesis-generating inferences from the available data
and are not intended to constitute prescriptive treatment
algorithms; systematic application of the score in clinical
practice should await external validation.

This study carries several important limitations. First,
the analytic cohort of 90 patients with 21 composite adverse
outcome events is modest. With five predictors retained in
the final model, the effective events-per-predictor ratio was
approximately 4.2. This limited event count constrains the
stability of multivariable coefficient estimates and reduces
the effective degrees of freedom available for model fitting.
It also increases the possibility of residual overfitting, as re-
flected in the wide confidence interval for intensive-phase
SIT >1500 [20]. Descriptive features reported here, includ-
ing the age distribution and number of BO events, reflect the
final post-deduplication, post-eligibility integrated dataset
and should not be interpreted as simple aggregates of the
partially overlapping source studies. Although internal
validation using 1000 bootstrap resamples was employed
to estimate and correct for optimism (observed optimism:
0.042), internal validation cannot substitute for external val-
idation in an independent cohort, and the score should be
considered hypothesis-generating until validated in larger
multicenter datasets. Second, this was a single-center ret-
rospective integrated re-analysis of three partially overlap-
ping source studies, introducing inherent heterogeneity in
data collection practices, treatment protocols, and follow-

up procedures. The ascertainment of bacterial co-infection
relied on a combined microbiologic-and-clinical frame-
work that could not be standardized across source datasets.
BO ascertainment depended on post-discharge follow-up
records without a standardized follow-up schedule or for-
mal blinded adjudication. This may have introduced as-
certainment bias and variability in the timing and sensitiv-
ity of BO detection. Third, missing data were managed
using complete-case analysis without imputation, which
could introduce selection bias if data were not missing com-
pletely at random. Fourth, the cohort is drawn from a single
Chinese tertiary pediatric center, and the observed predic-
tor effect sizes and score performance may not generalize
to younger children, immunocompromised populations, or
settings with materially different adenovirus serotype dis-
tributions or healthcare infrastructure. Fifth, the candidate
predictor list in Supplementary Table 2 was reconstructed
from available documentation rather than recovered from
the original variable-level modeling codebook; it should
therefore be interpreted as a transparency aid and may not
represent a verbatim reproduction of the original analytic
input matrix.

Future research should prioritize multicenter prospec-
tive external validation of the five-predictor model and de-
rived bedside score, with pre-specified, standardized BO
follow-up protocols to ensure consistent outcome ascertain-
ment. Larger cohorts would also permit investigation of
potential effect modification by adenovirus genotype, pa-
tient age subgroup, and immunomodulatory treatment cat-
egory — none of which could be definitively addressed in
the current analysis. Whether earlier or later reassessment
time points within hospitalization provide comparable or
superior predictive utility relative to the days 59 treatment-
intensive phase deserves prospective evaluation. Incorpo-
ration of viral load quantification, imaging severity metrics,
or cytokine profiles into future prediction frameworks may
further refine risk stratification beyond what hematologic
and biochemical variables alone can provide.

Conclusion

In this single-center retrospective integrated analy-
sis, dynamic inflammatory change during the treatment-
intensive phase, together with fever burden, tissue-injury
markers, and bacterial co-infection, was associated with
the risk of in-hospital death or bronchiolitis obliterans in
children with severe adenovirus pneumonia. A parsimo-
nious five-predictor model and its derived bedside score
demonstrated promising internally validated discrimination
and stratified patients into clinically distinct risk groups
within this cohort. These findings support the hypothesis
that dynamic risk assessment may be useful for future risk-
stratification research in pediatric severe adenovirus pneu-
monia, but the model should not be used for routine clinical
decision-making until externally validated in larger multi-
center cohorts.
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