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Background: The coronavirus disease 2019 (COVID-19) pandemic and associated non-pharmaceutical interventions may have
altered children’s indoor, outdoor, and dietary exposures. However, phase-specific data on allergen sensitization patterns in pediatric
allergic rhinitis (AR) remain limited.

Objective: To assess phase-specific changes in serum allergen-specific immunoglobulin E (sIgE) sensitization patterns, intensity, co-
sensitization, and burden in children with AR in Eastern China.

Methods: We analyzed 12,702 children aged 0—18 years with clinically diagnosed AR who underwent sIgE testing for 19 inhalant and
food allergens in Eastern China from 2018 to 2024. Sensitization was compared across pre-pandemic (2018-2019), lockdown (2020—
2022), and post-lockdown (2023-2024) phases using Pearson’s y’-test or Fisher’s exact test and multivariable logistic regression
adjusted for age group, sex, and season. Strong sensitization was defined as sIgE >3.51 IU/mL, and co-sensitization as concurrent
sensitization to both allergens in a pair.

Results: Compared with the pre-pandemic phase, the lockdown and post-lockdown phases showed divergent sensitization trajectories,
with higher sensitization to several inhalant allergens and lower sensitization to selected food allergens, although selected seafood
allergens increased in later phases. Post-lockdown, adjusted analyses showed higher odds for selected indoor, outdoor, and seafood
allergens, while other allergens remained stable or showed non-monotonic patterns. Strong-positive responses, selected co-
sensitization patterns, and >4 sensitizations were also more common post-lockdown.

Conclusion: Across the pre-pandemic, lockdown, and post-lockdown periods, children with AR showed divergent trajectories of
inhalant and food allergen sensitization, as well as greater post-lockdown sensitization intensity and complexity. These findings reflect
phase-specific associations rather than direct causal effects of the pandemic. They may help inform post-pandemic risk stratification in
pediatric AR, with greater attention to inhalant allergen control and more cautious interpretation of food sIgE positivity in clinical
context.
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Introduction

Allergic rhinitis (AR) is a highly prevalent immunoglobulin E (IgE)-driven inflammatory disorder of the nasal mucosa
and a major cause of chronic nasal symptoms in children."* AR affects more than 400 million individuals worldwide and
poses a major pediatric health burden because persistent nasal symptoms can impair sleep, school performance, and
quality of life."

In pediatric AR, sensitization to inhalant allergens, including house dust mites (HDM), animal dander, cockroach,
mold, tree pollen, and mixed grass pollen, is central to disease expression.>* Accordingly, defining region-specific
sensitization profiles facilitates diagnostic panel selection, avoidance counseling, and consideration of allergen
immunotherapy.** Co-sensitization is also clinically relevant because polysensitization and cross-reactivity may com-
plicate diagnostic interpretation, influence the selection of relevant allergens for testing, and affect immunotherapy
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decisions.>® Food allergen-specific IgE is also frequently detected among children diagnosed with AR.”* However,
interpreting serum allergen-specific immunoglobulin E (sIgE) positivity requires careful clinical correlation; a positive
skin or blood test indicates sensitization and does not by itself indicate clinically relevant food allergy, clinical allergy
severity, symptom burden, or a causal role in nasal symptoms.”'® Cross-reactivity, particularly pollen-food allergy
syndrome, may also contribute to food-specific IgE positivity in patients with rhinitis.""

China’s COVID-19 pandemic control period and subsequent reopening were accompanied by substantial changes in
children’s daily environments, including time spent indoors, ventilation and household hygiene practices, outdoor
activity, masking practices, and dietary routines.'”'> Such shifts may have modified the balance between indoor,
outdoor, and food-related allergen exposures and, in turn, influenced allergen sensitization profiles, including both single-
allergen sensitization and co-sensitization patterns.'®'® During the pandemic control period in particular, prolonged

indoor living may have increased contact with HDM, pet dander, and household pests,'> "

whereas masking and reduced
outdoor activity may have altered pollen exposure,'>?° and changes in home-based diet and food preparation may have
reshaped diet-related allergen exposures.”’ However, pandemic-related changes may also have affected healthcare access,
referral patterns, healthcare-seeking behavior, and testing practices, which could influence observed phase-specific
differences in a retrospective clinical cohort.****

Eastern China provides a relevant setting for studying pediatric sensitization profiles because allergen patterns are
strongly influenced by local climate, urbanization, seasonal pollen exposure, indoor environmental conditions, and
regional dietary habits.'*>*

To date, phase-stratified comparisons of sIgE-defined allergen sensitization in Chinese children with AR remain
scarce, and existing studies have mainly examined sensitization prevalence or a limited number of allergens, rather than
simultaneously characterizing sensitization intensity, burden, and co-sensitization complexity.'®'®** Given these expo-
sure- and healthcare-related changes and the limited phase-specific evidence, we hypothesized that the lockdown and
post-lockdown phases were associated with phase-related shifts in allergen sensitization profiles compared with the pre-
pandemic baseline. To examine this, we conducted a 7-year retrospective analysis using Laboratory Information System
(LIS) records from 12,702 children with AR at a tertiary pediatric hospital in Eastern China, comprehensively evaluating
temporal changes in sensitization rates, sIgE intensity, co-sensitization complexity, and sensitization burden across the

pre-pandemic (2018-2019), lockdown (2020-2022), and post-lockdown (2023-2024) periods.

Patients and Methods
Study Design and Participants

This retrospective study included children aged 0—18 years who were diagnosed with AR and underwent sIgE testing at
the study hospital from January 1, 2018 to December 31, 2024. AR diagnosis was based on compatible nasal symptoms,
clinical history, physical examination, allergen sensitization evidence (positive skin prick test or serum sIgE), and
clinician assessment, consistent with Chinese pediatric AR diagnostic criteria.’® The diagnostic criteria and clinical
workflow for AR diagnosis were applied consistently during 2018-2024. To avoid repeated measurements, only each
patient’s index sIgE test at initial diagnosis during the study period was retained. We excluded records with missing key
variables (age, sex, date of test, or sIgE values), concomitant acute respiratory tract infections at the index visit, and
documented antiallergic medication use prior to the index assessment. The final sample consisted of 12,702 children.

The pandemic phases were defined a priori as pre-pandemic (2018-2019), lockdown (2020-2022), and post-
lockdown (2023-2024) phases. The 2020-2022 period was grouped as the lockdown phase because China implemented
prolonged nationwide COVID-19 control measures during these years, with substantial relaxation occurring only near the
end of 2022. Because only a small number of children underwent index testing in December 2022, this month was
retained within the 2020-2022 phase. This grouping was intended to capture broad temporal contrasts rather than fine-
grained month-by-month policy changes. The study was conducted in accordance with the Declaration of Helsinki. The
protocol was approved by the Ethics Committee of our institution (Approval No. IRB-2025-022 (IIT)). The requirement
for informed consent was waived because of the retrospective study design.
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Allergen Testing and Data Collection

At the index evaluation, venous blood (2 mL) was collected, and sIgE was measured using an immunoblotting platform
(DX-Blot 45 II system, Dexin Biological). All included children underwent the same fixed 19-allergen sIgE panel at the
index test. The LIS provided continuous sIgE values (IU/mL) for each allergen during the index test. Sensitization
positivity was defined as sIgE >0.35 TU/mL. Sensitization intensity was categorized based on sIgE values following
manufacturer instructions and established guidelines: Grade 0 (<0.35 IU/mL, negative); Grades 1-2 (0.35-3.50 IU/mL,
weakly positive); and Grades 3-6 (>3.51 IU/mL, strongly positive).**

Statistical Analysis
All analyses were performed using R statistical software (version 4.4.2; R Foundation for Statistical Computing, Vienna,
Austria). Age was summarized as median (IQR) and compared across phases using the Kruskal-Wallis test, whereas
categorical variables were compared using Pearson’s y’-test. Across phases, sensitization positivity (sIgE >0.35 TU/mL),
the proportion of strong positivity among children sensitized to the corresponding allergen, the prevalence of selected co-
sensitization pairs (defined as concurrent positivity to both allergens in a given pair), and the distribution of the number
of sensitized allergens were compared using Pearson’s y°-test or Fisher’s exact test when any expected cell count was <5,
as appropriate. For analyses with a significant overall test, pairwise phase comparisons were further performed using
Bonferroni adjustment to account for multiple testing.

Univariable logistic regression was used to estimate odds ratios (ORs) for phase contrasts; these estimates are
presented in Supplementary eTable 4, and the same univariable models were repeated within subgroups defined by

sex, age group, and season (sex-stratified estimates in Supplementary eTable 1, age-stratified estimates in Supplementary

eTables 2a—2c, and season-stratified estimates in Supplementary eTables 3a—3d). For each allergen, separate pairwise

multivariable logistic regression models were used to estimate adjusted odds ratios (AORs) for the predefined phase
contrasts, controlling for age group, sex, and season of the index test date (spring: March—May; summer: June—August;
autumn: September—November; winter: December—February). Because mango and pineapple had sparse phase-specific
sensitization counts, Firth-penalized logistic regression was used for these two allergens in both univariable and multi-
variable phase-contrast analyses to reduce sparse-data bias and improve estimate stability. Conventional logistic regres-
sion was used for all other allergens. P values from these logistic regression models were unadjusted two-sided model-
based P values. Within each phase, pairwise associations between selected allergen pairs were assessed descriptively
using unadjusted 2x2 contingency tables. Odds ratios with 95% confidence intervals (CIs) were estimated using Fisher’s
exact test; when any cell count was zero, a continuity correction of 0.5 was applied to all four cells before estimation.
These within-phase co-sensitization ORs were interpreted as descriptive measures of association rather than causal or
mechanistic effect estimates. No formal a priori sample size calculation was performed because of the retrospective
design; all eligible records meeting the prespecified inclusion and exclusion criteria during the study period were
included. All tests were two-sided, and P <0.05 was considered statistically significant.

Results

Patient Characteristics

In total, 12,702 children with AR were included in the study (pre-pandemic: n = 2233; lockdown: n = 5770; post-
lockdown: n = 4699) (Table 1). The male proportion was similar across phases (62.0-63.5%; P = 0.099). The median age
increased from 5 years (IQR, 3-7) pre-pandemic to 6 years (IQR, 4-9) post-lockdown (P <0.001), with a corresponding
shift toward older age groups (7—18 years: 27.5% to 44.4%; 0-3 years: 25.8% to 17.5%; P <0.001). Seasonal distribution
also differed across phases (P <0.001), with relatively more presentations in spring and fewer in autumn.

Phase-Stratified Sensitization Rates

HDM was the most common inhalant sensitizer across the phases (P = 0.071). Sensitization to pet dander increased
markedly from the pre-pandemic to post-lockdown phase (cat hair: 3.6% to 9.9%; dog hair: 0.8% to 11.0%; both
P <0.001), and pollen sensitization also increased (mixed grass: 3.5% to 7.0%; tree pollen: 0.6% to 3.2%; both
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Table | Baseline Characteristics Across Pandemic Phases

Characteristic Pre-Pandemic Phase | Lockdown Phase | Post-Lockdown Phase | P value
(2018-2019) (2020-2022) (2023-2024)

Male sex, % 62.0 63.5 6l1.5 0.099
Age, median (IQR) 5(3-7) 5 (4-8) 6 (4-9) <0.001
Age group, % <0.001
0-3 25.8 21.2 17.5

4-6 46.7 41.9 38.1

7-18 27.5 36.9 44.4

Season at index test, % <0.001
Spring (Mar-May) 21.7 23.1 27.1

Summer (Jun-Aug) 325 33.1 35.0

Autumn (Sep-Nov) 31.7 27.9 233

Winter (Dec-Feb) 14.1 16.0 14.6

Total, n 2233 5770 4699

Notes: Data are % unless otherwise indicated. Age is median (IQR). P values were calculated using the Kruskal-Wallis test for age and
Pearson’s y-test for categorical variables.
Abbreviations: IQR, interquartile range; n, number of patients.

P <0.001). In contrast, egg and milk sensitization decreased relative to the pre-pandemic levels (egg: 17.4% to 4.7%;
milk: 36.0% to 22.5%; both P <0.001). Several allergens showed non-monotonic patterns in crude sensitization rates,
including house dust, mold, and beef (all P <0.001), whereas pineapple showed no phase-related difference (P =0.948)
(Table 2).

Table 2 Allergen Sensitization Rates Across Pandemic Phases

Allergen Pre-Pandemic Phase Lockdown Phase Post-Lockdown Phase P2 P value
(2018-2019), n (%) (2020-2022), n (%) (2023-2024), n (%)
Inhalant HDM 1013 (45.4%) 2778 (48.2%) 2202 (46.9%) 5.302 0.071
House dust 48 (2.2%)* 8 (0.1%)° 141 (3.0%)* 145292 | <0.001
Mulberry 6 (0.3%)* 31 (0.5%)® 41 (0.9%)° 10.065 0.007
Cat hair 81 (3.6%)° 350 (6.1%)° 462 (9.9%)° 104.718 | <0.001
Dog hair 17 (0.8%)* 296 (5.1%)° 516 (11.0%)° 294228 | <0.001
Cockroach 9 (0.4%)* 47 (0.8%)* 88 (1.9%)° 38.777 <0.001
Amaranth 4 (0.2%)* 33 (0.6%)* 50 (1.1%)® 19.410 <0.001
Mold 98 (4.4%)* 104 (1.8%)° 188 (4.0%)* 57.880 <0.001
Mixed grass 77 (3.5%)* 251 (4.4%)* 328 (7.0%)° 52.872 <0.001
Tree pollen 14 (0.6%)* 77 (1.3%)° 152 (3.2%)° 73719 <0.001
Food Egg 388 (17.4%)* 274 (4.8%)° 220 (4.7%)° 456311 | <0.001
Milk 803 (36.0%)* 1222 (21.2%)° 1055 (22.5%)° 204.624 | <0.001
Shrimp 70 (3.1%)* 221 (3.8%)® 225 (4.8%)° 12.112 0.002
Beef 141 (6.3%)* 166 (2.9%)° 304 (6.5%)* 86.385 <0.001
Shellfish 22 (1.0%) 62 (1.1%) 71 (1.5%) 5.347 0.069
Crab 66 (3.0%)* 227 (3.9%)* 234 (5.0%)° 16.839 <0.001
Mango 2 (0.1%)* 12 (0.2%)* 26 (0.6%)° 14.217 0.001
Cashew 90 (4.0%) 150 (2.6%)° 104 (2.2%)° 19.444 <0.001
Pineapple 3(0.1%) 7 (0.1%) 7 (0.2%) NA 0.948

Notes: Values are n (%). Sensitization was defined as sIgE 20.35 IU/mL. Overall P values were calculated using Pearson’s 2 -test, except for pineapple, for
which Fisher’s exact test was used because of small expected cell counts. Different superscript letters indicate Bonferroni-adjusted P <0.05.
Abbreviations: HDM, house dust mite; NA, not applicable; sIgE, serum allergen-specific immunoglobulin E.
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Regression Analyses Across Pandemic Phases

After adjustment for age group, sex, and season, the adjusted odds of sensitization to both cat hair and dog hair were
higher in 2020-2022 and 2023-2024 than in 2018-2019, and were also higher in 2023-2024 than in 2020-2022 (all
P <0.001; Table 3). Cockroach sensitization was significantly higher in 2023-2024 than in both earlier phases, whereas
the 2020-2022 versus 2018-2019 contrast was borderline but not statistically significant (AOR 2.01, 95% CI 0.98-4.12;
P =0.057). HDM sensitization was relatively stable compared with the pre-pandemic phase, although it was modestly
lower in 2023-2024 than in 2020-2022 (AOR 0.89, 95% CI 0.82-0.97; P = 0.006). Although crude house dust
sensitization rates showed a non-monotonic pattern (Table 2), the adjusted pairwise comparisons were not statistically
significant (AORs 0.28, 0.45, and 1.50; all P >0.05).

Among pollens, amaranth and tree pollen showed higher adjusted odds in both later phases than in 2018-2019 and in
2023-2024 than in 2020-2022; mulberry was higher in 2023-2024 than in 2018-2019 only; mixed grass was significantly
higher only in comparisons involving 2023-2024 (Table 3). For food allergens, egg, milk, and cashew sensitization remained
lower in both later phases than in 2018-2019. Shrimp sensitization was significantly higher in 2023-2024 than in both earlier
phases, whereas the 2020-2022 versus 2018-2019 contrast was not significant (AOR 1.31, 95% CI 1.00-1.73; P = 0.052).
Crab sensitization was higher in all phase contrasts, whereas shellfish was higher only in 2023-2024 than in 2020-2022. Mold
and beef showed lower adjusted odds in 2020-2022 than in 2018-2019 and higher adjusted odds in 2023-2024 than in 2020—
2022, with no significant difference between 2023-2024 and 2018-2019. In Firth-penalized logistic regression models, mango
sensitization was higher in 2023-2024 than in both earlier phases, whereas pineapple showed no clear phase-related
difference. Supplementary analyses stratified by sex, age group, and season showed broadly consistent patterns for the

Table 3 Adjusted Logistic Regression Analyses of Allergen Sensitization Across Pandemic Phases

Allergen 2020-2022 vs 2018-2019 2023-2024 vs 2018-2019 2023-2024 vs 2020-2022

AOR (95% Cl) | Pvalue | AOR (95% CI) | P value | AOR (95% CI) | P value

Conventional Multivariable Logistic Regression

HDM 1.06 (0.96, 1.18) | 0.248 0.94 (0.85, 1.05) 0282 | 0.89 (0.82,0.97) | 0.006
House dust | 028 (0.07, 1.18) | 0.082 045 (0.11, 1.90) 0277 | 1.50 (030, 7.45) | 0.623
Mulberry 195 (0.81, 4.69) | 0.138 2.57 (1.08, 6.13) 0.033 | 1.53 (0.96,2.45) | 0076
Cat hair 1.62 (1.26,2.07) | <0.001 | 2.62(2.05,335 | <0.001 | 1.61 (1.39, 1.86) | <0.001
Dog hair 7.08 (433, 11.58) | <0.001 | 17.25 (10.59, 28.09) | <0.001 | 2.33 (2.01,2.70) | <0.001

Cockroach | 2.01 (0.98,4.12) | 0.057 440 (2.20,881) | <0.001 | 2.30 (1.61,3.29) | <0.001
Amaranth | 331 (1.17,937) | 0024 | 606 (217, 1691) | <000l | 191 (1.23,2.98) | 0.004

Mold 0.40 (0.30, 0.53) | <0.001 | 0.84 (0.65, 1.08) 0.171 | 2.20 (1.72, 2.81) | <0.001
Mixed grass | 1.25 (0.96, 1.63) | 0.093 212 (1.64,2.74) | <0001 | 1.63(1.38, 1.94) | <0.001
Tree pollen | 2.08 (1.17,370) | 0012 5.11(2.94,890) | <0001 | 245 (1.86,3.24) | <0.001
Egg 025 (021,0.30) | <0.001 | 027(0.23,032) | <0.001 | 1.07 (0.89, 129) | 0473
Milk 0.48 (0.43,0.54) | <0.001 | 054 (048 0.61) | <0.001 | 1.10 (1.00, 121) | 0.05I
Shrimp 131 (1.00, 1.73) | 0.052 179 (1.36,2.37) | <0.001 | 137 (1.3, 1.66) | 0.001
Beef 0.43 (0.34, 0.54) | <0.001 1.05 (0.85, 1.30) 0648 | 2.38(1.96,2.89) | <0.001
Shellfish 112 (0.69, 1.84) | 0.64 .58 (0.97, 2.57) 0.068 | 1.47 (1.04,2.08) | 0028
Crab 147 (111, 1.94) | 0.008 2.03 (1.53,2.69) | <0.001 | 1.39 (I.15, 1.68) | <0.001
Cashew 0.68 (0.52,0.88) | 0.004 0.60 (0.45, 0.80) | <0.001 | 0.90 (0.70, 1.16) | 0.407

Firth-Penalized Logistic Regression

Mango 1.92 (0.57,9.89) | 0314 | 523(1.70,2593) | 0002 | 2.66 (1.38,542) | 0.003
Pineapple 0.87 (0.26, 3.59) | 0.829 117 (0.34, 4.87) 0810 | 1.27 (0.45,3.58) | 0.649

Notes: Values are adjusted odds ratios with 95% confidence intervals from separate pairwise multivariable logistic regression models
adjusted for age group, sex, and season of testing. Firth-penalized logistic regression was used for mango and pineapple because of
sparse phase-specific sensitization counts. P values are unadjusted two-sided model-based P values.

Abbreviations: AOR, adjusted odds ratio; Cl, confidence interval; HDM, house dust mite.
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main findings (sex-stratified results in Supplementary eTable 1, age-stratified results in Supplementary eTables 2a—2c, and

season-stratified results in Supplementary eTables 3a—3d). Univariable estimates are presented in Supplementary eTable 4.

Strong Sensitization Among Sensitized Children

Among children sensitized to the corresponding allergen (sIgE >0.35 TU/mL), the proportion with strong sensitization
(sIgE >3.51 TU/mL; Grades 3—6) differed across phases for selected allergens (Tables 4 and 5). Strong sensitization for
HDM increased from 25.9% pre-pandemic to 38.2% during lockdown and 44.1% post-lockdown (P <0.001). Cat hair
also showed a post-lockdown increase (6.2% to 6.3% to 13.2%, respectively; P = 0.002).

For food allergens, the proportion of strong sensitization was highest in the post-lockdown phase for milk (0.9%,
0.6%, and 2.3%, respectively; P <0.001) and increased across phases for egg (0.3%, 1.8%, and 3.2%, respectively;
Fisher’s exact P = 0.006). For cashew, the overall test was significant (1.1% to 1.3% to 6.7%; Fisher’s exact P = 0.028),
although no individual pairwise comparison reached significance after Bonferroni correction. Strong sensitization for
shellfish varied across the phases (9.1% to 0% to 16.9%, respectively; Fisher’s exact P <0.001).

Co-Sensitization and Sensitization Burden
The prevalence of several selected co-sensitization pairs changed across phases (Table 6). Among indoor allergen pairs,
HDM-—cat hair co-sensitization increased from 2.3% in 2018-2019 to 4.5% in 20202022 and 7.3% in 2023-2024, while
HDM-—dog hair increased from 0.5% to 3.5% and 7.2%, respectively (both P <0.001). HDM—cockroach co-sensitization
also increased across phases (0.3%, 0.7%, and 1.8%; P <0.001), as did cat hair—dog hair co-sensitization (0.3%, 1.1%,
and 2.7%; P <0.001). Among pollen-related pairs, mulberry—tree pollen and mulberry—mixed grass co-sensitization both
rose from 0.1% pre-pandemic to 0.6% post-lockdown (P = 0.002 and P = 0.001, respectively). Among food-related and
cross-group pairs, shrimp—crab co-sensitization increased from 2.6% to 3.5% and 4.5% (P <0.001), whereas egg—milk
co-sensitization decreased markedly from 9.8% to 1.8% and 2.1% (P <0.001). HDM-shrimp co-sensitization increased
modestly across phases (2.6%, 3.2%, and 3.8%; P = 0.043), whereas HDM—egg co-sensitization declined from 9.7% pre-
pandemic to 2.7% during lockdown and 2.6% post-lockdown (P <0.001). In contrast, shellfish—shrimp co-sensitization
did not differ significantly across phases (0.8%, 0.8%, and 1.1%; P = 0.165).

Descriptive within-phase pairwise analyses yielded OR point estimates above 1 for all selected allergen pairs
(Table 7). The HDM-cockroach association appeared stronger in later phases, with ORs of 2.42 (95% CI 0.51-14.97),
9.17 (95% CI 3.62-29.74), and 24.71 (95% CI 9.28-93.07) across the three periods. Shrimp—crab showed very large

Table 4 Strong Sensitization Among Sensitized Children Across Pandemic
Phases (Pearson’s y*-Test)

Allergen Strong Sensitization, n (%) v P value
2018-2019 | 2020-2022 2023-2024

HDM 262 (25.9%)* | 1062 (38.2%)° | 971 (44.1%)° | 97.616 | <0.00I
Mulberry 0 (0%) 0 (0%) 0 (0%) NA NA
Cat hair 5 (6.2%)® 22 (6.3%)" 61 (13.2%)° | 12.087 | 0.002
Amaranth 0 (0%) 0 (0%) 0 (0%) NA NA
Milk 7 (0.9%)® 7 (0.6%)* 24 (2.3%)° 14.629 | <0.001
Shrimp 6 (8.6%) 32 (14.5%) 27 (12.0%) 1.817 0.404
Beef 0 (0%) 0 (0%) 0 (0%) NA NA
Crab 6 (9.1%) 35 (15.4%) 29 (12.4%) 2.067 0.356
Mango 0 (0%) 0 (0%) 0 (0%) NA NA
Pineapple 0 (0%) 0 (0%) 0 (0%) NA NA

Notes: Values are n (%), where n denotes the number of children with strong sensitization to the
corresponding allergen. Percentages were calculated among children sensitized to the correspond-
ing allergen. Strong sensitization was defined as sIgE 23.51 IU/mL. Overall P values were calculated
using Pearson’s 2’-test. Different superscript letters indicate Bonferroni-adjusted P <0.05.

Abbreviations: HDM, house dust mite; NA, not applicable; sIgE, serum allergen-specific immu-

noglobulin E.
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Table 5 Strong Sensitization Among Sensitized Children Across
Pandemic Phases (Fisher’s Exact Test)

Allergen Strong Sensitization, n (%) P value
2018-2019 | 2020-2022 | 2023-2024
House dust 0 (0%) 0 (0%) 2 (1.4%) 1.000
Dog hair 0 (0%) 37 (12.5%) 56 (10.9%) 0.308
Cockroach 0 (0%) I (2.1%) 8 (9.1%) 0.280
Mold 0 (0%) 2 (1.9%) 1 (0.5%) 0.332
Mixed grass 2 (2.6%) 6 (2.4%) 15 (4.6%) 0.383
Tree pollen 0 (0%) 0 (0%) 2 (1.3%) 0.602
Egg I (0.3%)* 5 (1.8%)® 7 3.2%)° 0.006
Shellfish 2 (9.1%)® 0 (0%)* 12 (16.9%)° | <0.00I
Cashew 1 (1.1%) 2 (1.3%) 7 (6.7%) 0.028

Notes: Values are n (%), where n denotes the number of children with strong
sensitization to the corresponding allergen. Percentages were calculated among
children sensitized to the corresponding allergen. Strong sensitization was defined
as slgE 23.51 IU/mL. Overall P values were calculated using Fisher’s exact test.
Different superscript letters indicate Bonferroni-adjusted P <0.05.

Abbreviation: sIgE, serum allergen-specific immunoglobulin E.

Table 6 Selected Co-Sensitization Pairs Across Pandemic Phases

Selected Co-Sensitization Pairs | 2018-2019, n (%) | 2020-2022, n (%) | 2023-2024, n (%) e P value

Indoor Allergen Pairs

HDM-—cat hair 52 (2.3%)* 261 (4.5%)° 342 (7.3%)° 84.487 | <0.001
HDM-dog hair Il (0.5%)* 200 (3.5%)° 339 (7.2%)° 184.137 | <0.001
HDM-—cockroach 6 (0.3%)* 42 (0.7%)* 84 (1.8%)° 43.921 <0.001
Cat hair-dog hair 7 (0.3%)* 66 (1.1%)° 126 (2.7%)° 67.295 <0.001
Pollen Combinations

Mulberry—tree pollen 3 (0.1%)? I5 (0.3%)* 28 (0.6%)° 11.995 0.002
Mulberry—mixed grass 3 (0.1%)? 16 (0.3%)* 30 (0.6%)° 13.246 0.001
Food Allergen Pairs

Shrimp—crab 59 (2.6%)* 200 (3.5%)* 209 (4.5%)° 15.325 <0.001
Shellfish—shrimp 18 (0.8%) 43 (0.8%) 51 (1.1%) 3.605 0.165
Egg—milk 218 (9.8%)° 105 (1.8%)° 99 (2.1%)° 350.534 | <0.001
Cross-Group Patterns

HDM-shrimp 59 (2.6%)* 186 (3.2%)* 177 (3.8%)° 6.281 0.043
HDM-—egg 216 (9.7%)* 157 (2.7%)° 122 (2.6%)° 241.459 | <0.001

Notes: Values are n (%). Co-sensitization was defined as concurrent positivity to both allergens in a pair. Overall P values were calculated using
Pearson’s y’-test. Different superscript letters indicate Bonferroni-adjusted P <0.05.
Abbreviation: HDM, house dust mite.

descriptive within-phase ORs (ORs 1518.54, 1848.42, and 2206.36), whereas cat hair—dog hair remained positively
associated but was less pronounced in later phases (ORs 20.16, 5.24, and 3.70). HDM-shrimp also remained positively
associated across phases (ORs 6.79, 6.06, and 4.46). Because some within-phase ORs were very large, particularly for
shrimp—crab and selected pollen-related pairs, these estimates should be interpreted as descriptive measures of associa-
tion rather than stable or precise biological effect-size estimates. The distribution of sensitization burden changed across
phases, with the proportion of children showing single sensitization decreasing from 35.2% in 2018-2019 to 30.4% in
2023-2024, and the proportion with >4 sensitizations increasing from 6.7% to 9.5% (Table 8).
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Table 7 Descriptive Within-Phase Associations for Selected Allergen Pairs

Selected Allergen Pairs

2018-2019
OR (95% CI)

2020-2022
OR (95% CI)

2023-2024
OR (95% CI)

Indoor Allergen Pairs
HDM-cat hair
HDM-dog hair
HDM-=cockroach

Cat hair—dog hair

222 (1.37, 3.66)
222 (0.75, 7.34)
242 (0.51, 14.97)
20.16 (6.33, 60.69)

3.38 (2.63, 4.38)
2.34 (1.81, 3.03)
9.17 (3.62, 29.74)
524 (3.83, 7.11)

3.64 (2.92, 4.56)
2.38 (1.96, 2.91)
24.71 (9.28, 93.07)
3.70 (2.91, 4.68)

Pollen Combinations
Mulberry-tree pollen

Mulberry—mixed grass

194.45 (23.41, 1582.25)
28.93 (3.81, 219.35)

85.44 (37.48, 192.97)
24.93 (11.39, 54.85)

78.34 (38.17, 168.78)
39.78 (19.17, 88.88)

Food Allergen Pairs
Shrimp—crab
Shellfish—=shrimp
Egg-milk

1518.54 (561.10, 4300.26)
183.97 (58.00, 779.19)
2.76 (220, 3.48)

1848.42 (1050.26, 4250.45)
69.96 (39.02, 129.97)
2.44 (1.87, 3.15)

2206.36 (1204.71, 4300.26)
65.10 (37.20, 117.75)
3.01 (2.26, 4.00)

Cross-Group Patterns
HDM-=-shrimp
HDM-egg

6.79 (351, 14.43)
.65 (1.32, 2.07)

6.06 (4.19, 9.00)
1.47 (1.14, 1.90)

446 (3.20, 6.30)
.44 (1.08, 1.91)

Notes: Values are odds ratios (95% confidence intervals) from Fisher’s exact tests for selected allergen pairs within each phase. These analyses
are descriptive and were not used for formal across-phase comparisons.
Abbreviations: Cl, confidence interval; HDM, house dust mite; OR, odds ratio.

Table 8 Distribution of Sensitization Burden Across Pandemic Phases

Sensitization Category | 2018-2019, n (%) | 2020-2022, n (%) | 2023-2024, n (%) | P value
Single sensitization 786 (35.2%)* 2127 (36.9%)™ 1427 (30.4%)° <0.001

Double sensitizations 416 (18.6%)" 886 (15.4%)° 758 (16.1%)° 0.002

Triple sensitizations 210 (9.4%)* 336 (5.8%)° 400 (8.5%)* <0.001

>4 sensitizations 150 (6.7%)* 289 (5.0%)° 447 (9.5%)° <0.001

No sensitization 671 (30.0%)* 2132 (36.9%)° 1667 (35.5%)° <0.001

Total, n (%) 2233 (100.0%) 5770 (100.0%) 4699 (100.0%)

Notes: Values are n (%), with percentages calculated within each phase. Sensitization was defined as slIgkE 20.35 IU/mL. Overall
P values were calculated using Pearson’s y’-test. Different superscript letters indicate Bonferroni-adjusted P <0.05.
Abbreviation: sIgE, serum allergen-specific immunoglobulin E.

Discussion

Our analysis of 12,702 Chinese children with AR showed phase-stratified shifts in sIgE sensitization between 2018 and 2024.
Few studies have examined allergen sensitization across the pre-pandemic and lockdown periods, and even fewer have
extended these comparisons into the post-lockdown period in Chinese children with AR.'®!” During China’s prolonged

control period, children’s exposures may have shifted toward indoor environments,*”-*®

whereas reopening may have
reintroduced a broader mix of indoor and outdoor exposures.”’ In our cohort, phase-specific comparisons showed higher
sensitization to several inhalant allergens, especially pet dander and selected pollens, whereas selected food sensitizations
were lower during and after the lockdown phase. Furthermore, post-lockdown profiles showed greater sensitization intensity
and a higher proportion of children with >4 sensitizations. Changes in the age distribution and seasonality of testing (Table 1)
may also have influenced the observed phase-specific patterns and should be considered when interpreting temporal trends.

Sensitization patterns varied across inhalant allergen categories. HDM sensitization remained relatively stable
compared with the pre-pandemic phase but was modestly lower post-lockdown than during lockdown (AOR = 0.89).
Previous pediatric studies have reported heterogeneous HDM sensitization patterns across regions and periods, which

may reflect regional differences in allergen exposure, climate, and analytic methods.'®**® Sensitization to cat hair and
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dog hair was higher in later phases, which may be consistent with increased indoor contact time or changes in housechold
pet exposure during the pandemic-control period;'"** however, pet ownership and pet allergen levels were not available
in this record-based dataset. Mold sensitization decreased during lockdown (AOR = 0.40) and returned toward pre-
pandemic levels thereafter. Such transient fluctuations are consistent with the variability in mold sensitization patterns
reported in recent pediatric studies and may reflect unmeasured phase-specific shifts in microenvironmental
exposures.””** Several pollens, including amaranth, mixed grass pollen, and tree pollen, showed higher odds during
lockdown and/or after reopening (Table 3). Pollen can enter homes through ventilation or on clothing even when outdoor
activity is reduced, and may accumulate indoors when air exchange is limited;**>> greater outdoor contact may also have
contributed to the persistence of these patterns.® House dust showed a non-monotonic pattern in crude sensitization rates
(Table 2), but the adjusted pairwise comparisons were not statistically significant (Table 3). This discrepancy suggests
that the crude pattern should be interpreted cautiously and may partly reflect differences in age distribution, seasonality,
healthcare access, or sparse positive counts rather than a stable biologic change. House dust is a heterogeneous indoor
matrix, and dust-related allergenic components may vary by season and indoor environmental conditions.*”-**

Food and inhalant sensitization showed divergent phase-specific trajectories. Egg, milk, and cashew sensitization
decreased during lockdown and remained below pre-pandemic levels post-lockdown, whereas several inhalant allergens,
particularly pet dander and selected pollens, showed higher sensitization in later phases (Tables 2 and 3). In contrast, shrimp
and crab sensitization increased progressively across phases, a pattern that may be consistent with changes in seafood
exposure, home-cooking practices, or cross-reactivity with mite allergens (Table 2).>**° At the same time, food-related
findings were not uniform across analytic dimensions: although overall sensitization to egg, milk, and cashew decreased
across phases, strong sensitization to some of these foods increased post-lockdown (Table 5). In addition, shrimp—crab co-
sensitization became more common (Table 6), whereas the very large descriptive within-phase shrimp—crab ORs (Table 7)
may reflect shared allergenic components and cross-reactivity,*® as well as sparse cell counts, or correlated sensitization
patterns, rather than stable effect-size estimates. Therefore, food-related sIgE findings in children with AR should be
interpreted in clinical context, together with dietary exposure, reaction history, and potential cross-reactivity.”!%4°

By jointly examining sensitization intensity (strong positivity), co-sensitization patterns, and overall sensitization burden,
we observed a post-lockdown profile characterized by greater sensitization intensity and selected features of greater
sensitization complexity. Strong-positive sIgE responses (>3.51 IU/mL; Grades 3-6) to selected indoor allergens, including
HDM and cat hair, were more common post-lockdown (Table 4). In parallel, the prevalence of HDM—cat hair, HDM—dog hair,
and HDM-cockroach co-sensitization increased (Table 6), and descriptive within-phase HDM—cockroach associations
appeared stronger in later phases (Table 7). These descriptive patterns may be consistent with shared indoor exposures during

and after the pandemic-control period,'®!72>#!

2.4

although exposure data were not directly measured. Cross-reactive arthropod
allergens, such as tropomyosin,**** may also have contributed to the observed mite—cockroach and shrimp—crab patterns
(Tables 6 and 7), although these mechanisms cannot be confirmed in this record-based study. In addition, the higher proportion
of children with >4 sensitizations post-lockdown (Table 8) suggests greater overall sensitization complexity after reopening.
Clinically, these findings may help refine post-pandemic risk stratification and follow-up priorities. Children with strong-
positive indoor inhalant allergen sensitization, multiple sensitizations, or recurrent HDM-related co-sensitization patterns may
warrant closer follow-up, more focused environmental counseling, and consideration of inhalant immunotherapy evaluation
when clinically appropriate.* ® For highly associated pairs, such as shrimp—crab, mulberry—tree pollen, and HDM—cockroach
(Table 7), component-resolved diagnostics may be helpful in selected children when cross-reactivity is suspected.>** The
rising prevalence of HDM—cat hair, HDM-dog hair, and HDM-cockroach co-sensitization (Table 6) also supports considering
evidence-based indoor allergen mitigation, such as bedding encasements and targeted cleaning or filtration, when clinically
appropriate.*>*® The very large ORs observed for some pairs, particularly shrimp—crab and selected pollen-related pairs
(Table 7), should be interpreted as descriptive measures of within-phase association rather than precise effect-size estimates.
Overall, these findings suggest that post-pandemic pediatric AR may involve greater sensitization intensity and complexity,
which may help inform testing priorities, counseling, and follow-up in clinical practice.

This retrospective, single-center study has several limitations. First, generalizability is limited because the data were
derived from a single pediatric center in Eastern China, where climate and urbanization patterns may differ from those in other
regions. Second, because of the record-based design, we could not capture individual-level environmental and behavioral
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factors (eg, household environment, ventilation, pet ownership, dietary exposure, and symptom severity) or care-related
factors (eg, healthcare access, referral pathways, healthcare-seeking behavior, and changes in testing indications or practices
over time). These unmeasured factors may have contributed to the observed phase-specific differences independently of true
changes in sensitization profiles, thereby limiting inference regarding specific mediating factors. In addition, because AR
diagnosis required evidence of allergen sensitization, the cohort represented children with sensitized AR, and selection related
to testing indications and care pathways may have varied across phases. Third, we did not perform mechanistic profiling or
biomarker-based analyses; therefore, the observed phase-related differences should be interpreted as associative rather than
causal. Fourth, the post-lockdown window (2023-2024) was relatively short, and longer follow-up is needed to assess the
durability of these patterns. In addition, although 2020-2022 was grouped as the lockdown phase to capture the prolonged
COVID-19 control period in China, public health restrictions, healthcare access, and testing behavior may have varied within
this period; therefore, the phase-based comparisons should be interpreted as broad temporal contrasts rather than year-specific
effects. Finally, some analyses involved sparse outcomes and very large ORs. These estimates may be unstable and may partly
reflect cross-reactivity rather than independent co-sensitization.

Conclusions

This study provides a phase-stratified assessment of sIgE-defined sensitization in Chinese children with AR across the
pre-pandemic, lockdown, and post-lockdown periods. We observed phase-specific differences in sensitization profiles,
including higher sensitization to several inhalant allergens, particularly pet dander and selected pollens, lower sensitiza-
tion to selected food allergens during and after the lockdown phase, and greater post-lockdown sensitization intensity, co-
sensitization, and overall sensitization complexity. These observed differences should be interpreted as associations
rather than causal pandemic effects and may partly reflect temporal shifts in environmental and dietary exposures, care-
related factors, and the characteristics of the tested population. Although mechanistic inferences cannot be confirmed in
this record-based study, these findings may help inform interpretation of contemporary sensitization profiles in children
with AR, especially with respect to indoor inhalant allergens, multiple sensitizations, selected co-sensitization patterns,
and cautious interpretation of food sIgE positivity in clinical context.
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