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Purpose: Assessing airway hyperresponsiveness (AHR) in children aged 0-3 years is crucial for early asthma diagnosis but is
clinically challenging due to the safety risks and technical complexity of the methacholine challenge test (MCT). This study aimed to
develop and internally evaluate a non-invasive, multidimensional nomogram to predict current methacholine-defined AHR in children
aged 0-3 years with suspected asthma.

Patients and Methods: We conducted a retrospective cohort study of children aged 0-3 years with suspected asthma who underwent
same-day tidal breathing pulmonary function testing, fractional exhaled nitric oxide (FeNO) measurement, and MCT. Clinical
symptoms and atopic history were extracted from electronic medical records. Multivariable logistic regression was used to identify
independent predictors of AHR. The model was internally evaluated using a single 70/30 random split into training and evaluation
cohorts. Model performance was assessed by discrimination, calibration, and decision curve analysis and compared with machine-
learning approaches.

Results: Seven independent predictors were identified: family history of asthma (OR = 3.90), presence of wheeze (OR = 3.85), history
of allergy (OR = 2.34), history of rhinitis (OR = 1.69), FeNO (OR = 1.03), age (OR = 0.96), and TPTEF/TE (OR = 0.97). The model
achieved an AUC of 0.81 (95% CI: 0.77-0.85) in the training cohort and 0.76 (95% CI: 0.69-0.84) in the evaluation cohort. At the
optimal cutoff, the PPV and NPV were 0.89 and 0.39, respectively, in the evaluation cohort. SHAP analysis identified family history of
asthma, wheeze, and FeNO as the most influential predictors.

Conclusion: We developed a clinical-physiological nomogram for predicting methacholine-defined AHR in children aged 0-3 years.
It serves as an adjunctive tool in tertiary care to identify patients with a high probability of AHR.
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Introduction
Airway hyperresponsiveness (AHR) is a key physiological feature of childhood asthma. In children aged 0-3 years,
assessment of AHR may provide clinically relevant information during a period when respiratory phenotypes are still
evolving. Longitudinal studies suggest that bronchial responsiveness can track from infancy into later childhood;
however, its clinical relevance may change with age, and early-life AHR should not be considered equivalent to
persistent asthma or later AHR.'

Several clinical tools have been developed to estimate future asthma risk in young children, including the Asthma
Predictive Index and subsequent prediction models.* These tools address prognosis rather than current airway
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responsiveness. In contrast, the present study focuses on estimating current methacholine-defined AHR in children aged
0-3 years who cannot reliably perform standard spirometry.

Direct assessment of AHR in this age group remains challenging because methacholine challenge testing requires
sedation, close safety monitoring, and age-adapted clinical endpoints.>® FeNO measurement is also methodologically
difficult because standard single-breath maneuvers are usually not feasible in young children; tidal-breathing FeNO
techniques have therefore been applied in infants and young children, but the resulting values should not be interpreted
using standard single-breath cutoffs.” Our previous work showed that FeNO and tidal-breathing pulmonary function
parameters are associated with current AHR status in this population.® Therefore, this study aimed to develop and
internally evaluate a clinical-physiological model integrating inflammatory, functional, and clinical factors to estimate the
probability of current methacholine-defined AHR in children aged 0-3 years with suspected asthma, as an adjunctive
probability-estimation tool prior to provocation testing.

Patients and Methods

Study Design and Participants

This retrospective cohort study was conducted at the Children’s Hospital of Chongqing Medical University and approved
by the Research Ethics Committee (No. 2023-371), with waived additional informed consent due to its retrospective
nature. Standard clinical consent for procedures (such as MCT) was obtained as part of routine care. We reviewed records
of 7957 children who underwent tidal breathing pulmonary function testing (PFT) and methacholine challenge test
(MCT) from January 2021 to June 2023. Children who did not complete PFT, MCT, and fractional exhaled nitric oxide
(FeNO) measurements on the same day were excluded (n= 6,359), leaving 1,598 children. Further exclusions were
applied for lower respiratory tract infection <4 weeks or upper respiratory tract infection <I week prior, chest
deformities, or confounding diagnoses (eg., nasal disease, congenital airway malformations, suspected gastroesophageal
reflux; n=159), resulting in 1,439 children. Inclusion criteria were then applied: (1) aged 0-3 years (ie., from birth to <4
years of age); (2) clinical diagnosis of suspected asthma by a physician on at least two occasions; (3) met GINA 2024
criteria for children <5 years (eg., >3 exacerbations/year or symptoms persisting >10 days post-upper respiratory
infection); (4) in clinical remission, with improvement after >2 months of low-dose inhaled corticosteroid (ICS) therapy
and no exacerbations >4 weeks.” Children failing to meet these criteria were excluded (n=621), yielding a final cohort of
818 children with suspected asthma. The present study is an extended analysis of an underlying cohort overlapping with
our previous physiology-focused study.® In the current analysis, additional clinical and atopic variables were incorporated
to develop an integrated clinical-physiological prediction model. The dataset was randomly split into training (70%;
n=572) and evaluation (30%; n=246) cohorts (Figure S1).

Clinical Data and Procedures

All tests were performed on sedated children (oral 10% chloral hydrate, 30—50 mg/kg). Clinical symptoms and history
were extracted from electronic medical records. Wheeze was defined as a physician-documented high-pitched expiratory
sound in the preceding 12 months; cough was caregiver-reported recurrent dry cough >3 times in the past week. To
capture a more comprehensive clinical phenotype, we additionally collected data on four history-related variables.
History of eczema and rhinitis were defined based on previous physician-documented diagnoses in the electronic medical
records. Family history of asthma was defined as a confirmed diagnosis of asthma in a first-degree relative. History of
allergy was determined by a history of adverse reactions to specific allergens or positive results in prior allergen-specific
IgE or skin prick tests.

FeENO Measurement

FeNO was measured in parts per billion (ppb) using an offline tidal-breathing method under sedation with a Sunvou nitric
oxide analyzer (CA2123), in accordance with pediatric ERS/ATS guidance.”' A mask was sealed over the nose and
mouth, and at least five breaths were collected into a sampling bag after filtering ambient NO.
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Tidal Breathing Pulmonary Function Test

Pulmonary Function Test: Parameters were measured using a Jaeger MasterScreenPaed device (CareFusion, San Diego,
CA) on supine, sedated children, following ERS/ATS recommendations.'’ A compliant mask (CY Xiamen Medical
Equipment Co.Ltd. China) ensured airtight seal. After 5-8 regular breaths, end-inspiratory occlusion confirmed sealing.
Data were recorded over 5 cycles (15-20 breaths each), accepted if no leakage and coefficient of variation (CV) for tidal
volume (VT) <10%.

Methacholine Challenge Test

Preparation: Medications were withheld [Short-acting 2-agonists (SABA) >6 h, short-acting muscarinic antagonists
(SAMA) >12 h, long-acting B2-agonists (LABA) >36 h, theophylline 12-24 h]; ICS and leukotriene modifiers continued
per guidelines. Children with recent infections (<4 weeks), baseline SpO, <95%, or abnormal tidal indices (TPTEF/TE or
VPTEF/VE <23%) were excluded for safety. During MCT, SpO,, heart rate, and respiratory movement were continu-
ously monitored. After completion or termination of the test, bronchodilator treatment was administered, and vital signs
were monitored until recovery to baseline.

Procedure: Continuous pulse oximetry (ChoiceMMed SN-type, Chaosi Medical Equipment Co., Ltd., China), heart
rate, and respiratory movement monitoring occurred. Methacholine (0.5-16.0 mg/mL in 0.9% NaCl) was nebulized (Bai
Ray, China; 5.5 L/min, 0.15 mL/min output, particle diameter 2.9 + 1 um) via mask for 1 min/dose.'? Tidal PFT repeated
30-60 s post-inhalation (2-min intervals). Testing ended at positive criteria or 16 mg/mL.

Positive Definition: >2 of: (1) auscultated expiratory wheezing; (2) >50% respiratory rate increase; (3) >5% SpO,
decrease, at <8 mg/mL.

Post-test Care: Bronchodilator was nebulized; vital signs monitored until baseline.

Statistical Analysis

Analyses were performed using R version 4.4.1. Missing data for clinical history variables were handled using multi-
variate imputation by chained equations under the missing-at-random assumption, with 20 imputed datasets. The dataset
was randomly split into training (70%) and evaluation (30%) cohorts. Non-normal continuous variables were presented
as M (P25-P75) and compared by Mann—Whitney U-test; categorical as n (%). Binary logistic regression with backward
stepwise selection (excluding collinear variables) identified independent AHR predictors. Multicollinearity was evaluated
using the variance inflation factor (VIF), with values <5 considered acceptable Performance was assessed via discrimina-
tion: area under the ROC curve (AUC); calibration: plots and Hosmer-Lemeshow test; clinical utility: decision curve
analysis (DCA) for net benefit across thresholds. A complete-case sensitivity analysis using the non-imputed dataset was
performed to assess the robustness of the primary imputation-based model. Internal model performance was additionally
assessed using 500-resample bootstrap optimism correction on the full dataset. A nomogram was built from the
multivariate model, assigning points per predictor; total scores yielded predicted AHR probability. Furthermore, the
logistic model was compared against LASSO regression and Random Forest algorithms, with variable importance
interpreted using SHAP values. P < 0.05 (two-sided) was significant.

Result

Characteristics of Participants

A total of 818 children with suspected asthma were included. The cohort was split into a training cohort (n = 572) and an
evaluation cohort (n = 246).The detailed missing data profile and imputation summary are provided in Table S1. Baseline
characteristics were well balanced between the two cohorts, with no significant differences observed across all variables
(Table S2). In the training cohort (Table 1), 423 children (73.95%) were AHR-positive. Compared to the AHR-negative
group, the positive group showed significantly higher FeNO levels (median 28.0 vs. 20.0 ppb, P < 0.001) and a higher
prevalence of wheeze (60.28% vs. 24.83%, P < 0.001). Significant differences were also observed in clinical history, with
the AHR-positive group having significantly higher rates of family history of asthma (47.52% vs. 18.12%), history of
rhinitis (41.37% vs. 28.86%), and history of allergy (73.05% vs. 50.34%) (all P < 0.05).
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Table | Statistical Analysis

of Basic Characteristics in the Training Cohort

Characteristic Total (n= 572) Positive (n= 423) Negative (n=149) Statistic (z/1%) P-Value
FeNO (ppb) 27.00 (16.00, 39.00) 28.00 (19.00, 40.00) 20.00 (9.00, 36.00) -5.07 <0.001
Age (months) 34.00 (26.00, 40.00) 33.00 (25.00, 39.00) 36.00 (30.00, 40.00) -3.08 0.002
Height (cm) 96.00 (90.00, 100.00) 95.00 (90.00, 100.00) 96.00 (93.00, 100.00) -2.00 0.046
Weight (kg) 14.00 (12.00, 15.00) 14.00 (12.00, 15.00) 14.00 (13.00, 15.00) -2.31 0.021
RR (breaths/min) 25.30 (22.80, 28.63) 25.50 (22.85, 28.90) 25.10 (22.50, 28.00) -1.25 0.211
VT/kg (mL/kg) 8.90 (7.70, 9.80) 8.90 (7.70, 9.80) 9.00 (8.00, 9.90) -1.13 0.258
TPTEF/TE (%) 23.10 (19.20, 28.13) 22.70 (19.20, 28.00) 23.30 (20.20, 28.80) -1.58 0.114
VPTEF/VE (%) 26.20 (23.70, 30.60) 26.20 (23.65, 30.10) 26.40 (23.90, 31.00) -0.73 0.463
PEF/TEF25 (%) 153.40 (136.70, 169.33) 154.80 (137.70, 170.00) 150.20 (133.20, 168.10) —-1.75 0.080
TEFS0/TIF50 (%) 70.90 (63.00, 80.00) 70.50 (62.10, 79.30) 72.00 (64.10, 81.30) -0.87 0.384
TUTE (%) 63.00 (55.75, 70.00) 62.00 (55.00, 69.00) 63.00 (57.00, 71.00) —-1.94 0.052
Male, n (%) 355 (62.06) 263 (62.17) 92 (61.74) 0.01 0.926
Wheeze, n (%) 292 (51.05) 255 (60.28) 37 (24.83) 55.42 <0.001
Cough, n (%) 317 (56.21) 216 (51.06) 101 (71.63) 18.17 <0.001
History of Eczema, n (%) 117 (20.49) 94 (22.22) 23 (15.54) 3.00 0.083
History Rhinitis, n (%) 218 (38.11) 175 (41.37) 43 (28.86) 731 0.007
Family History Asthma, n (%) 228 (39.86) 201 (47.52) 27 (18.12) 9.72 <0.001
History Allergy, n (%) 384 (67.13) 309 (73.05) 75 (50.34) 25.76 <0.001

Notes: Data are presented as Number (%) and median (P25, P75). Z: Mann-Whitney test, y% Chi-square test.

Abbreviations: FeNO, fractional exhaled nitric oxide; TPTEF/TE, time to reach peak tidal expiratory flow over expiratory time; VPTEF/VE, volume to reach
peak tidal expiratory flow over expiratory volume; RR, respiratory rate; VT/kg, tidal volume per kilogram of body weight; TI/TE, the ratio of inspiratory time to
expiratory time; TEF50/TIF50, tidal expiratory flow at 50% of expiratory volume divided by tidal inspiratory flow at 50% of inspiratory volume; PTEF/TEF25, the
ratio of peak expiratory flow rate to instantaneous expiratory flow rate with 25% tidal volume remaining; MCH(negative): Negative methacholine challenge test.

Independent Predictors of Airway Hyperresponsiveness

The multivariate logistic regression analysis identified several independent predictors for AHR. Among the clinical history
factors, a family history of asthma showed the strongest association with AHR risk (OR = 3.90, 95% CI: 2.33-6.51, P <
0.001). Significant associations were also observed for a history of allergy (OR =2.34, P <0.001) and rhinitis (OR =1.69, P =
0.029). Regarding symptom and physiological parameters, the presence of wheeze was associated with an increased likelihood
of AHR (OR = 3.85, P < 0.001). Conversely, age (OR = 0.96, P = 0.006) and TPTEF/TE (OR = 0.97, P = 0.028) were
negatively associated with AHR risk, alongside a significant contribution from FeNO levels (OR = 1.03, P < 0.001). Detailed
regression coefficients and odds ratios for all included variables are presented in Table 2 and Table S3.

Performance and Evaluation of the Predictive Model
The 7-parameter model achieved an AUC of 0.81 (95% CI: 0.77-0.85) in the training cohort and 0.76 (95% CI: 0.69—
0.84) in the evaluation cohort (Table 3). A complete-case sensitivity analysis using the non-imputed dataset showed

Table 2 Binary Backward Stepwise Logistic Regression Analysis of AHR

Characteristic p SE | Z P OR (95% CI)

FeNO(ppb) 0.03 0.0l | 3.98 | <0.001 | 1.03 (1.0l ~ 1.04)
Age (month) —0.04 | 0.0l | —2.76 | 0.006 | 0.96 (0.93 ~ 0.99)
Family History Asthma | 1.36 | 0.26 | 520 | <0.001 | 3.90 (2.33 ~ 6.51)
History Rhinitis 0.53 0.24 | 2.18 | 0.029 1.69 (1.05 ~ 2.72)
History Allergy 0.85 | 0.23 | 3.62 <0.001 | 2.34 (1.48 ~ 3.70)
TPTEF/TE —0.03 | 0.0l | —2.20 | 0.028 | 0.97 (0.94 ~ 0.99)
Wheeze 1.35 | 023 | 578 | <0.001 | 3.85 (2.44 ~ 6.09)

Notes: Multivariate binary backward stepwise logistic regression analyses were performed to
identify predictors of airway hyperresponsiveness(AHR). f represents the regression coeffi-
cient, OR (95% Cl) the odds ratio with 95% confidence interval. Only significant variables from
the multivariate analysis are reported.
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Table 3 Discriminative Performance of the Nomogram for Predicting Methacholine-Defined AHR in Training and Evaluation Cohorts

Cohort AUC (95% Cl) | Accuracy (95% Cl) | Sensitivity (95% ClI) | Specificity (95% CI) | PPV (95% CI) | NPV (95% Cl) | Cut Off

Train 0.81 (0.77-0.85) 0.73 (0.69-0.77) 0.72 (0.67-0.76) 0.77 (0.70-0.84) 0.90 (0.87-0.93) | 0.49 (0.43-0.55) 0.762
Evaluation | 0.76 (0.69-0.84) 0.70 (0.63-0.75) 0.70 (0.63-0.76) 0.69 (0.56-0.81) 0.89 (0.84-0.94) | 0.39 (0.29-0.49) 0.762

Note: AHR, airway hyperresponsiveness; AUC, area under the receiver operating characteristic curve; Cl, confidence interval; PPV, positive predictive value; NPV, negative
predictive value. The optimal cutoff represents the predicted probability threshold maximizing the Youden index in the training cohort and was applied unchanged to the
evaluation cohort.

slightly attenuated but comparable discrimination, with an AUC of 0.77 (95% CI: 0.74-0.80) in the training cohort and
0.73 (95% CI: 0.69-0.78) in the evaluation cohort. In addition, 500-resample bootstrap optimism-corrected validation
using the full dataset yielded a corrected C-index of 0.76. At the optimal cutoff of 0.762, the model yielded a specificity
of 0.69 and an NPV of 0.39 in the evaluation set. Calibration curves and decision curve analyses are shown in Figure 1.
The decision curve analysis suggested potential net benefit across a range of threshold probabilities (Figure 1A and C),
while calibration curves indicated reasonable agreement between predicted and observed probabilities (Figure 1B and D).

The corresponding nomogram is presented in Figure 2.
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Figure | Decision curve analyses and calibration curves for the training and evaluation cohorts.

Notes: (A) Decision curve analysis (DCA) in the training cohort. The Y-axis indicates net benefit. The solid line represents the clinical net benefit of using the prediction
model across threshold probabilities. The grey dashed line assumes all patients are positive; the horizontal line assumes none are positive. The model showed potential net
benefit across threshold probabilities of 0.25-0.8. (B) Calibration curve of the training cohort. The diagonal dashed line represents the ideal prediction. The red line indicates
the apparent performance of the model on the training data, and the blue line shows the bias-corrected performance via bootstrap resampling (1,000 iterations). Hosmer—
Lemeshow test: p=0.249. (C) Decision curve analysis in the evaluation cohort. (D) Calibration curve of the evaluation cohort, with similar annotation as in (B). Hosmer—
Lemeshow test: p=0.241.
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Figure 2 Nomogram for predicting airway hyperresponsiveness risk based on combined parameters.

Notes: The nomogram integrates seven independent predictors (FeNO, Age, Family History of Asthma, History of Rhinitis, History of Allergy, TPTEF/TE, and Wheeze) to
predict the risk of airway hyperresponsiveness (AHR). To use the nomogram, locate the value of each parameter on its respective axis, draw a vertical line upward to the
Points axis to determine the score for that variable, and then sum the scores for all seven variables. Find the resulting Total Points on the bottom axis to obtain the
individualized predicted probability of AHR.

Machine Learning Model Comparison

In the evaluation cohort, the AUC of the 7-parameter logistic model (0.756) was comparable to LASSO (0.754) and
Random Forest (0.792) (Table S4). SHAP analysis confirmed that family history of asthma, wheeze, and FeNO were the
top three contributors to the AHR prediction (Figure S2).

Discussion
Our study developed a clinical-physiological model to estimate current methacholine-defined AHR in children aged 0-3
years with suspected asthma. The model integrates clinical, inflammatory, and tidal-breathing parameters and should be
interpreted as an adjunctive probability-estimation tool rather than as an alternative to MCT.

Markers of atopic predisposition emerged as the strongest predictors of AHR. A family history of asthma, personal
history of allergy, and history of rhinitis were each independently associated with increased AHR risk. These variables

capture complementary aspects of inherited susceptibility'>*'* 1516

and atopic phenotype, which may contribute to airway
inflammation and heightened reactivity. Biologically, these historical markers represent a stable baseline of cumulative
susceptibility anchored in epithelial barrier dysfunction.'” This impairment facilitates allergen penetration and triggers
Type-2 inflammatory pathways, increasing susceptibility to persistent airway inflammation and heightened reactivity. By
incorporating these variables, our model reflects underlying allergic and inflammatory vulnerability more effectively than
cross-sectional physiological measurements alone.'®

FeNO emerged as a relevant biomarker reflecting the inflammatory component of AHR. In our study, FeNO showed
a statistically significant but modest association with methacholine-defined AHR (OR per 1 ppb increase = 1.03),
consistent with evidence that airway inflammation contributes to, but does not solely determine, responsiveness to direct
bronchoconstrictor stimuli.'” TPTEF/TE was retained as a tidal-breathing marker reflecting baseline airway mechanics
rather than as a direct measure of airway obstruction.”?! The combined inclusion of FeNO and TPTEF/TE allows the
model to integrate inflammatory and functional information, consistent with previous studies linking FeNO to pediatric
asthma-related phenotypes®® and supporting the combined use of pulmonary function parameters and FeNO for AHR
assessment.”>>* This study builds on our previous work by adding clinical symptoms and atopic history to the model.
Because the variables included in the model differ from those in our previous analysis, the role of TPTEF/TE should be
interpreted cautiously and confirmed in external cohorts.

The inclusion of age and history of wheeze adds a critical temporal and phenotypic dimension to AHR risk
assessment. In our study, increasing age (in months) was inversely associated with AHR, suggesting that airway

hyperresponsiveness in the first three years of life is a dynamic and age-dependent phenotype rather than a fixed
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trait.> This finding is consistent with longitudinal cohort studies showing that early-life airway responsiveness and
wheezing symptoms may diminish with somatic growth and airway maturation, as increases in airway caliber reduce the
mechanical consequences of bronchoconstriction.”® Wheeze emerged as a predictor of AHR, reflecting airflow limitation
and dynamic airway narrowing that are core physiological features of airway hyperresponsiveness. Evidence from
longitudinal cohorts indicates that early-life wheeze, particularly in the presence of atopy, is associated with persistent
AHR, whereas isolated cough is largely nonspecific.””*® Together with age, wheeze helps characterize the evolving
clinical phenotype of AHR in early childhood.

Taken together, these findings clarify the intended role of the present model. Unlike prognostic tools that estimate
future asthma risk, such as the Asthma Predictive Index,*’ this model focuses on estimating the probability of current
methacholine-defined AHR in children aged 0-3 years who cannot reliably perform standard spirometry. These
approaches address different clinical questions and should not be directly compared. By integrating tidal-breathing
parameters, FeNO, and atopic history, our nomogram provides an adjunctive probability-estimation tool for this specific
population. For transparency and reproducibility, the web-based calculator is publicly available at: https://ahr-
nomogramgit-qjj.streamlit.app/.

This study has several limitations. First, its retrospective, single-center design and the selected tertiary-care popula-
tion of sedated children aged 0-3 years in clinical remission on ICS therapy limit generalizability to broader clinical
settings. The high AHR positivity rate and low NPV in the evaluation cohort further indicate that the model is more
suitable for identifying children with a higher probability of AHR than for general screening or AHR exclusion. Second,
the MCT outcome was defined using age-adapted composite clinical endpoints rather than the conventional PC20-FEV1
criterion. Inter-rater reliability for auscultated wheeze and the incidence of minor or transient sedation-related adverse
events could not be assessed retrospectively. Third, FeNO was measured using an offline tidal-breathing method under
sedation and should not be directly compared with standard single-breath cutoffs; the absence of synchronized specific
IgE or skin prick testing also limited detailed evaluation of atopic status. Finally, the use of backward stepwise selection
may have affected predictor stability. Although bootstrap optimism correction supported the overall discrimination of the
model, the contribution of individual tidal-breathing parameters and the generalizability of the model require prospective
external validation.

In summary, this study developed and internally evaluated a clinical-physiological model for estimating the prob-
ability of current methacholine-defined AHR in children aged 0-3 years with suspected asthma. By integrating clinical,
inflammatory, and tidal-breathing parameters, the model provides an exploratory adjunctive approach for identifying
children with a higher probability of AHR in selected tertiary-care settings. Prospective external validation and further
standardization of age-adapted MCT endpoints are required before broader clinical application.

Ethical Approval
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