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Abstract: Increasing evidence linked air pollution and social stress with eczema independently, yet their interactive effects on childhood eczema in early life are unknown. This study aimed to explore the effects of parental stresses and their interactions with interior and extraventricular environmental exposures on preschooler’s physician-diagnosed eczema (PDE). We conducted a mixed cross-sectional and retrospective cohort study involving 8689 children at Changsha in China. Individual data for health information, parental stresses, and interior environments were collected through questionnaires. Individual exposure to temperatures and extraventricular pollutants were computed using the Inverse Distance Weighted (IDW) technique method. Multivariable logistic regression analyses were engaged in this research. We found that childhood PDE was markedly associated with higher education among parents (ORs [95% CI] = 1.94 [1.63–2.31]), while presence of fatigue, headache and distractibility amplified PDE risk (1.89 [1.64–2.18], 1.55 [1.39–1.74] and 1.63 [1.46–1.82]). Higher score of parental psychological stresses was related to elevated risks of PDE. Parents owning lower education or income had higher childhood PDE risk of moldy clothing/bedclothes, nonflowering plants, decoration throughout pregnancy till previous year. PDE risk from PM2.5, NO2 and O3 exposure mainly before birth were higher in families with high social stress. PDE risk from early life exposure to PM2.5, PM2.5–10, PM10, and NO2 during preconception, first year, and entire postnatal stage was higher in parents with psychological stress. Our study indicates that early life exposures to parental stresses as well as their combinations with interior and outdoor pollution and allergen increased risk of childhood PDE, suggesting the “(pre-)fetal origin of eczema” hypothesis through stress-environment interaction. 
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Highlights 
● Parental stresses are associated with children’s physician-diagnosed eczema (PDE) 
● High parental socioeconomic stress increased PDE risk of decoration and allergens 
● High parental social stress elevated the impact of prenatal exposure to NO2 on PDE 
● Parental psychological stress enhanced PDE risk of PM2.5–10 and PM10 exposure 
● There is a “stress-environment interaction” on the development of childhood eczema 
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1. Introduction Eczema is the most common chronic relapsing skin disease in children, characterized by pruritus, epidermal barrier dysfunction, and immunoglobulin E-mediated sensitization to environmental allergens. Approximately 40 million people suffer from eczema, affecting up to 15–30% of children worldwide [1]. Previously, the International Study of Asthma and Allergy in Children (ISAAC) conducted a survey of 700,000 children from 56 countries on allergic diseases, including eczema, and found that the prevalence of eczema in children ranged from 0.3–20.5% [2]. A recent national study reported a relatively high prevalence of eczema (12.94%) among children aged 1–7 years in 12 major cities in China [3]. Some of our recent work reported a rapid increase in preschooler’s eczema in Chinese cities [4,5]. Eczema is a multifactorial and complex disease that can not only lead to abnormal development, but children who frequently suffer from eczema are also more prone to develop asthma, allergic rhinitis, and other allergic diseases later in life [6]. On the other hand, due to its high prevalence and atopic progression to respiratory allergy and a range of other complications, eczema in children may represent a significant economic and public health burden for families [7]. The development of eczema has been associated with both genetic factors and environmental changes, so it is important to explore the joint role of major genetic and environmental factors in childhood eczema for early prevention and effective control. The development of eczema in children begins in utero, where the developing embryo is particularly vulnerable to toxic substances due to immature immune, neuroendocrine, and antioxidant system. Early studies traced adult’s diseases back to the childhood environment [8]. On the other hand, theories of the origin of health and the development of disease suggest that many hereditary chronic diseases are related to poor lifestyles or environments, and that negative environmental factors experienced early in human life will have a certain impact on the onset of various diseases in future lives [9]. More and more studies show that the incidence of eczema is increasing rapidly in China [10–14], therefore, identifying environmental risk factors early in life is important for developing preventive measures to minimize childhood eczema. Parents’ stress, mainly from socioeconomic and psychological perspectives, is an important factor in the development of allergic diseases in children [15,16]. On the one hand, the relationship between socioeconomic status and health begins in the early stages of life [17]. Economic stress affects the living environment and quality of life of the family, as well as daily dietary and living habits [18]. Many studies have shown that people with low socioeconomic status have higher odds and susceptibility to stress-related diseases [19–22]. On the other hand, early life exposure to psychosocial stress has 

been identified as a determinant of social differences in health that occur throughout life and is thought to be associated with a variety of diseases including atopic dermatitis (AD) [23]. Parents’ stress can influence the development of eczema in early childhood through a number of pathways and may lead to a stressful home environment that further affects skin barrier function and immune system function [24], resulting in a more pronounced inflammatory skin response. Several studies have found that mothers’ stress and anxiety levels in pregnancy are related with the incidence of eczema in children [25,26]. This suggests that early psychological states may have long-term impacts on the development of the child’s immune system.  There is growing evidence that traffic-related air pollution (TRAP) exposure is associated with allergic diseases in children [27–30]. In addition, several research showed that the prevalence of eczema in early children is not only associated with postnatal exposure to TRAP, but also with prenatal exposure. A German birth cohort study [30] found that traffic pollutants exposure such as PM2.5 and NO2 during the period from birth to 6 years of age significantly increased the risk of asthmatic bronchitis, pollen allergy, eczema and other allergic diseases in children. A study from China showed that exposure to environmental NO2 during pregnancy and throughout life is a risk factor for atopic eczema in children [31]. Increasing studies have characterized independent effects of parents’ stress or environmental pollution exposure on childhood eczema, but their potential interactions are poorly understood. Several studies have suggested that psychological stress may alter susceptibility to physical exposures (e.g., air pollution) [32,33]. A systematic review of human and animal evidence suggests that chemical exposure has a stronger effect than stress, and that this effect is generally greater in the presence of stress [34]. Therefore, whether the “dual exposure” of high parents’ stresses and heavy environmental pollution in China leads to a rapid increase in childhood eczema warrants further investigation. In this study, we propose that there is a potential interaction of parents’ stress with outdoor air pollution and indoor environmental factors on the risk of children’s eczema. To demonstrate this hypothesis, we conducted a retrospective cohort cross-sectional study, so as to assess the impacts of different types of parent’s stresses as well as their synergy with indoor and outdoor environmental factors on children’s eczema. 
2. Materials and Methods 

2.1. Study Protocol and Surveyed Participants We conducted a population-specific retrospective cohort cross-sectional study in Changsha, China, between 2019 and 2020 (Figure S1). The detailed procedures of 
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this study have been fully described in our previous academic papers [35–37], and we successfully obtained formal approval from the Institutional Review Boards of Fudan University and Central South University (IRB#2019-09-0778), as well as ethical approvals from all participating kindergartens. In order to ensure the scientific validity of the study in line with international standards, we designed the questionnaire with full reference to the standardized framework of the International Study of Asthma and Allergies in Childhood (ISAAC), as well as the Swedish International Guidelines on Building Health and Dampness (DBH). Based on this, we systematically collected comprehensive data on health status, basic personal information, interior environmental exposures, daily behaviours, and the life habits for the children and the family members. A total of 36 kindergartens out of 220 kindergartens in nine administrative districts (Furong, Tianxin, Yuelu, Kaifu, Yuhua, Wangcheng, Liuyang, Ningxiang, and Changsha County) in Changsha, China, were randomly selected as the sample sites for the study, and the target respondents were children enrolled in these kindergartens [37]. The number and percentage of samples located in the nine administrative districts is listed in Table S1. To ensure the accuracy and reliability of the survey data, we first provided specialized training to kindergarten teachers who were responsible for 

distributing the questionnaires, with the aim of ensuring that they could properly understand and implement the process of questionnaire distribution and retrieval so as to maintain the quality of the questionnaires. The trained teachers then distributed the questionnaires to the parents or guardians of each child and gave them one week to complete them. First, we conducted a preliminary questionnaire survey in 9 kindergartens by distributing 180 questionnaires (20 questionnaires for each kindergarten). We accurately calculated the time required to fill out each questionnaire, and the average time used is 10–20 min which can ensure the quality of questionnaire filling very well. We further asked the questionnaire respondents about the problems they encountered during the questionnaire filling process and then made corresponding improvements to the questionnaire. Furthermore, 13,609 questionnaires were distributed to all the participanted kindergartens. After the questionnaires were returned, it was decided after careful review to exclude data from children under the age of 3 and over the age of 6 because of the small sample size and possible uncertainty about the diagnosis of health problems containing eczema, which might affect the overall validity and reliability of the data. After a series of screening and processing procedures, we finally collected 8,689 valid questionnaires, which formed the core basis of this study (Figure 1). 

 
Figure 1. Flowchart showing the number and prevalence of PDE in the study population.  In addition, we conducted another double sampling inspection by randomly extracting 10% of formally completed questionnaires and checked their completion degree, missing data, and logic error. We observed that more than 98% extracted questionnaires were completed well without missing data in the double sampling 
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inspection and there were very few logic errors among these samples. Therefore, our questionnaire data are valid, accurate and completed, which can ensure our data and results reliable. 
2.2. Health Outcome Childhood eczema was defined based on responses to the following three questions (Table S2): (1) Has the child ever been diagnosed by a doctor with eczema or atopic dermatitis? (2) Has the child ever been diagnosed by a doctor with itching rashes that recurred for at least 6 consecutive months? (3) Has the child been diagnosed by a doctor with recurrent itching rashes lasting for at least 6 consecutive months during the past 12 months? Children who answered “yes” to any of these questions were classified as having eczema. 
2.3. Exposure Time Stages We considered each child’s preconceptional, gestational and postnatal exposure stages [37]. Preconceptional stage was defined as one year before the date of mother’s conception, comprising tenth to twelfth gestational months, seventh to nineth gestational months, fourth to sixth gestational months, first to third gestational months, and the whole year before conception date (the date of mother’s last menstrual period before pregnancy). Prenatal stage was calculated from the conception date till the delivery date, including first trimester (first till twelfth gestational weeks), second trimester (thirteenth till twenty seventh gestational weeks), third trimester (twenty eighth gestational week till delivery day), and whole gestational days. Postnatal stage spanned from the first day of delivery till the day of completing questionnaire, containing the first year (delivery day till the 365th/366th day of life) and past year (365/366 days prior to the day of completing questionnaire). 
2.4. Parent’s Exposure for Stress Indicators The stresses described in this study refer to parents’ stress including socio-economic stress and mental stress, for which data were obtained from standardized questionnaires [37]. Parents’ socio-economic stress can be described using the level of parents’ education and the level of parents’ gross annual income, due to that lower parental education and income levels are associated with greater social and economic stress [38–41]. Social stress (parents’ education) was fixed by the questions of “What’s the child’s father’s highest education level? (Elementary/junior high school/high school or vocational high school/undergraduate or specialist/master’s degree/doctorate or above)” and “What’s the child’s 

mother’s highest education level? (Elementary/junior high school/high school or vocational high school/undergraduate or specialist/master’s degree/doctorate or above)”. The related data on parental socio-economic stress and mental stress were obtained from the standardized questionnaires. To determine the social stress, we classify the social pressure into three levels: high (the father’s or mother’s highest education level as primary/junior high school/high school or vocational high school), middle (the father’s or mother’s highest educational level as undergraduate or specialized), and low (the father’s or mother’s highest educational level as master’s degree/doctoral degree or above). We further classify the social pressure into two classifications: high/middle and low levels. Economic stress (parents’ gross annual income) is fixed by the question “What is the average level of gross annual income of the child’s parents in the local area (low/middle/high)”. The levels of gross annual income of the parents were further categorized into two subgroups: low and high/middle levels. We believe that the lower the level of parent’s education/income, the higher the level of social/economic stress. Since our questionnaires did not involve the issue of chronic psychosocial stress of parents, such as anxiety and depression, in this study, parental psychological stress was assessed via three self-reported symptoms: fatigue, headache, and distractibility, experienced over the past three months. Although these symptoms are subjective, prior studies suggest that they are common manifestations of psychological stress and have been widely used as proxy indicators in population-based research where clinical psychological tools (e.g., Psychological and Social Sciences [PSS] or General Health Questionnaire [GHQ]) are not feasible due to logistical constraints. In this study, we fixed the parent’s psychological stress through the question that “In the past three months, have you had fatigue/headache/distract-ibility (never/sometimes/frequently)”. Fatigue [42–45], headache [46–49], and distractibility [50] are typical indicators of chronic psychological stress or are demonstrated to be closely related to psychological stress in previous studies. According to the frequency of the above symptoms, we further categorized the mental stress into two levels: never and sometimes/frequently, with the heavier the symptoms, the greater the mental stress. Additionally, we calculated the score (from 0 to 5) of parents’ stress by adding up two indicators of socio-economic stress and three indicators of psychological stress. 
2.5. Child’s Exposure for Interior Environmental Factors 
(IEFs) Data on exposure to IEFs were obtained from household questionnaires collected at various time 
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windows [37]. The study included twelve common interior environmental variables, as shown in Table S3. 
2.6. Child’s Exposure for Ambient Air Pollution and 
Temperature We collected data on seven common outdoor air pollutants: PM2.5, PM2.5–10, PM10, sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO), and ozone (O3) [37]. The data were collected daily from 2011 to 2020 at 10 municipal air quality monitoring stations over nine districts in Changsha. The 24-h mean concentrations of the seven pollutants except PM2.5–10 were recorded daily, covering the entire time period for all children in the study. We then calculated the daily concertation of PM2.5–10 by subtracting the daily average concentration of PM2.5 from the daily average concentration of PM10 at each station. This ranged from the earliest first day of the 1-year period before the date of the mother’s last menstrual period (LMP) at the time of conception of the oldest child to the latest questionnaire completion date. We identified the four nearest meteorological monitoring stations for each child’s home address based on longitude and latitude. Using the daily concentrations from these stations and the inverse distance weighting (IDW) method, we calculated the daily individual exposure concentrations for each pollutant at the home address [37]. Additionally, we assessed the average daily temperature at the eight monitoring stations. Finally, we calculated the average exposure levels for each stage using each child’s daily exposure values of seven pollutants and temperatures. 
2.7. Selected Covariates The selected covariates were selected from the standardized questionnaire according to the magnitude of their influence on the development of eczema in children, containing: (1) Individual variables: sex of the child (male; female); age (3; 4; 5; 6 years); delivery season (spring: March–May; summer: June–August; fall: September–November; winter: December–February), breastfeeding (no; yes); (2) Parent’s variables: parents’ atopic outcomes (no; yes); (3) Interior variables: environmental tobacco smoke (ETS) (no; yes); new furnishing (no; yes); new decoration (no; yes); mildew/damp spots (no; yes); moldy clothing/bedclothes (no; yes); housing pets such as dogs and cats) (no; yes). All of the above confounding covariates were found to be associated with eczema [4,5,51–55]. 
2.8. Statistical Analysis Statistical analysis included: numbers with percentages, mean and standard deviation, as well as interquartile range (IQR) (25%, 50%, and 75% percentiles). Chi-square and the t-tests were adopted to describe the covariates’ distribution between controls and PDE cases. We adopted multiple logistic regression 

models to evaluate the associations of childhood PDE with parents’ socioeconomic and mental stresses, with the adjustment of selected covariates and atmospheric temperature and typical traffic-related air pollutant NO2 [5]. Stratifications according to different types of stresses were performed to investigate the associations of parents’ stresses with individual air pollutants exposure. Extraventricular air pollutants exposure was determined via two subgroups: low as <median; high as ≥median. Extra stratifications were performed by interior exposure (presence; absence) and extraventricular air pollutants exposure (low; high). This research evaluated the associations of PDE with parents’ socioeconomic and mental stresses and the relationships of PDE with environmental pollution and allergens stratified by these stress indicators through estimating the IQR increment for extraventricular air pollutants and interior environments exposure (presence; absence) [37]. We further assessed the synergies of parents’ socioeconomic and mental stresses with home and extraventricular environments on PDE. We combined parents’ stresses level (high/middle; low), household exposure levels (yes; no), and ambient air pollutants exposure levels (high; low) to estimate the associations of PDE with four sets [37]: (1) low parents’ stresses together with low or no interior/extraventricular exposures; (2) low parents’ stresses together with high or yes interior/extraventricular exposures; (3) high parents’ stresses together with low or no interior/extraventricular exposures; and (4) high parents’ stresses together with high or yes interior/extraventricular exposures. Subgroup’s analysis was conducted to determine whether the special subjects who were more susceptible to PDE risk owing to parents’ different types of stress from socioeconomic and mental status. SPSS (version 27, SPSS Inc. in Chicago of US) was adopted for the statistical analyses. Associations are calculated as odds ratio (OR) with 95% confidence interval (95% CI). The p-values equal or smaller than 0.05 were considered for statistical significance. The p-values equal or smaller than 0.05 were considered for significant interactions. Python (version 3.1, JetBrains s.r.o. in Czech Republic) was adopted to estimate individual extraventricular pollutants and temperatures exposure.  
3. Results Table 1 shows the demographics and prevalence for childhood PDE stratified by covariates. A total of 1673 out of 8689 preschoolers report PDE, and the diagnostic rate is 19.3%. The prevalence of PDE was higher in younger subjects (3 and 4 years), subjects born in the fall, with parents’ atopic outcomes, renovated pollution (new furnishing; new decoration), moisture allergen (mildew/damp spots; moldy clothing/bedclothes), and house pets than older subjects (5 and 6 years), those born 
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in the spring, without parents’ atopic outcomes and these interior environmental factors (p < 0.05). In addition, gender, breastfeeding, and ETS were not related to childhood PDE. 
Table 1. Demographics for the number and prevalence of physician-diagnosed eczema (PDE) in surveyed children (3–6 years) (n = 8689).  Total Eczema  Number (n) (%) Case (n) (%) p-Value Total 8689 (100.00) 1673 (19.25)  Sex     0.150 Boys 4667 (53.71) 925 (19.82)  Girls 4022 (46.29) 748 (18.60)  Age (years)     0.002 Three 1855 (21.35) 398 (21.46)  Four 2965 (34.12) 597 (20.13)  Five 2793 (32.14) 493 (17.65)  Six 1076 (12.38) 185 (17.19)  Delivery season (month)     0.007 Spring (March–May) 2168 (24.95) 374 (17.25)  Summer (June–August) 2378 (27.37) 455 (19.13)  Autumn (September–November) 2089 (24.04) 448 (21.45)  Winter (December–February) 2054 (23.64) 396 (19.28)  Breastfeeding     0.840 No 567 (6.53) 111 (19.58)  Yes 8122 (93.47) 1562 (19.23)  Parents’ atopic outcomes     <0.001 No 6032 (69.42) 836 (13.86)  Yes 2657 (30.58) 827 (31.13)  Environmental tobacco smoke (ETS)     0.852 No 4235 (48.74) 812 (19.17)  Yes 4454 (51.26) 861 (19.33)  New furnishing     <0.001 No 5711 (65.73) 984 (17.23)  Yes 2972 (34.20) 689 (23.18)  New decoration     <0.001 No 6871 (79.08) 1261 (18.35)  Yes 1812 (20.85) 412 (22.74)  Mildew/damp spots     <0.001 No 6517 (75.00) 1096 (16.82)  Yes 2166 (24.93) 577 (26.64)  Moldy clothing/bedclothes     <0.001 No 7328 (84.34) 1301 (17.75)  Yes 1355 (15.59) 372 (27.45)  Housing pets (cats and dogs)     <0.001 No 4585 (52.77) 786 (17.14)  Yes 4104 (47.23) 887 (21.61)  Sum of the number is not 8689 due to missing data. The p-values < 0.05 were indicated as statistical significance in bold.  Table S4 presents the statistics for parents’ socioeconomic and mental stress as well as the associations of parents’ stresses with children’s PDE. PDE prevalence was markedly higher for children having parents with high or middle education than low education (p < 0.001). Moreover, parents owing higher economic levels owned slightly higher risk for child’s PDE compared to low economic level, in spite of an insignificant level. In addition, parents with mental stress (fatigue; headaches; and/or distractibility) prone to own a child with PDE (p < 0.001). Table S5 displays summaries for interior environments and the associations with PDE in early children. Families holding new furnishing, mildew/damp 

spots, and moldy clothing/bedclothes across whole stages owned higher PDE prevalence (p < 0.05). During all stages except 1 year prior to conception, exposure to ETS and grandparents’ smoking elevated the prevalence of childhood PDE (p < 0.05). Families with plants especially non-blooming plant owned higher PDE prevalence (p ≤ 0.001). Table S6 displays individual seven extraventricular air pollutants, temperatures exposure and relative humidity exposure during the three stages as well as the associations with PDE risk. Children having PDE owned higher pollutants exposure except CO and O3 to most of across all stages (p < 0.05). In addition, parents 
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reported significant variations before delivery among the children with and without PDE (p < 0.05). Figure 2 displays associations of parents’ stresses with children’s PDE. It indicates that high parents’ social indicator (high or middle education) was related with childhood PDE (OR [95% CI]: 1.94 [1.63–2.31]). Nonetheless, parents’ economic status (low/middle/high level of gross annual income) was not related to PDE. Parents’ fatigue, headache and/or distractibility amplified PDE risk, ORs (95% CI): 1.89 (1.64–2.18), 1.55 (1.39–1.74) and 1.63 (1.46–1.82). Furthermore, PDE risk for both parents’ socioeconomic and psychological stresses were higher among children with male gender and without breastfeeding. In addition, children with smaller age (three and four years), born in warm months (May to September), and without parents’ atopic history were at higher PDE risk of socioeconomic stress, while PDE risk owing to parents’ psychological stresses was higher for children with bigger age (4–6 years old), delivered during 

cold month (October throughout April), and owning parents’ atopic history (Table S7). Associations between childhood PDE and parental stresses were stronger among families with non-daily cleaning habits, especially for parental education and psychological stress indicators (Table S8). Similarly, the associations were more evident under high relative humidity, particularly for education and psychological stress indicators (Table S9). Table 2 reveals prevalence of parents’ stress score and the associations of the score with children’s PDE. PDE was forwardly associated with parents’ total stress (TS) and psychological stress (PS) scores, but was inversely related with parents’ socioeconomic stress (SS) score. For example, parents having higher TS (≥2) and PS (≥2) scores owned a child with higher PDE risk than lower TS (<2) and PS (<2) scores, ORs (95% CI): 1.35 (1.19–1.52) and 1.25 (1.18–1.32) respectively. Nevertheless, parents owning higher SS (≥1) score held a child with lower PDE risk than lower PS (=0) score, OR (95% CI): 0.73 (0.64–0.84). 

 
Figure 2. Odds ratio (95% CI) of children with PDE for the exposure to parents’ stress among children aged 3 to 6 years. Adjusted model I was adjusted for covariates; Adjusted model II was also adjusted for extraventricular NO2 and temperature during postnatal period according to adjusted model I; Parents’ education level: low is defined as primary school, junior high school, and high school or vocational high school; middle is defined as undergraduate or college degree; high is defined as master’s or doctoral degree. The p-value < 0.05 was indicated as statistical significance. 
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Table 2. The odds ratio (95% CI) for childhood PDE owning to score of parents’ stresses. 
Score of Parents’ Stresses Total Childhood PDE 

Number (n) (%) OR (95% CI) p-Value Score of total stress (TS)     ≤1 3435 39.53  1.00  2 2380 27.39  1.26 (1.09, 1.45) 0.002  ≥3 2874 33.08  1.42 (1.24, 1.64) <0.001 High (≥2) vs. low (<2) TS score 5254 vs. 3435 60.47 vs. 39.53 1.35 (1.19, 1.52) 0.001 Score of socioeconomic stress (SS)     0 6207 71.44  1.00  1 2021 23.26  0.75 (0.65, 0.87) <0.001 2 461 5.31  0.67 (0.50, 0.90) 0.007 High (≥1) vs. low (=0) SS score 2482 vs. 6207 28.56 vs. 71.44 0.73 (0.64, 0.84) <0.001 Score of psychological stress (PS)     0 2087 24.02  1.00  1 2060 23.71  1.32 (1.09, 1.59) 0.004 2 2438 28.06  1.63 (1.36, 1.95) <0.001 3 2104 24.21  1.97 (1.64, 2.36) <0.001 High (≥2) vs. low (<2) PS score 4542 vs. 4147 52.27 vs. 47.73 1.25 (1.18, 1.32) <0.001 Models are adjusted for covariates, extraventricular temperature and NO2 in postnatal period. The p-values < 0.05 considered as statistical significance.  Figure 3 explored the associations of interior environments with children’s PDE by stratified socioeconomic (Figure 3a) and mental stresses (Figure 3b). Parents owning high social stressor (low parents’ education) held a child with higher PDE risk owning to exposure for moldy clothing/bedclothes in pregnant stage, as well as new decoration and moldy clothing/bedclothes in previous year (interaction p = 0.013, 0.088 and 0.007, respectively), yet those owning high economic stressor (low parents’ gross annual income) held higher PDE risk owning to first-year non-blooming plants (interaction p = 0.025) (Figure 3a). Nevertheless, no positive interactions of parents’ mental stressors with interior environments were displayed for PDE (Figure 3b). Figure 4 assessed joint impacts of socioeconomic pressures and extraventricular air pollutants exposure throughout preconception (Figure 4a), pregnancy (Figure 4b), and postpartum (Figure 4c) on PDE. We detected that PDE risk owning to NO2 exposure in the third trimester was higher for children having high parents’ social pressure (low education) compared to low pressure (high/middle education), having significant interaction p of 0.025. Figure 4 illuminated the associations of extraventricular pollutants throughout preconception (Figure 4d), pregnancy (Figure 4e), and postpartum (Figure 4f) with PDE stratified parents’ owning mental stress. Parents owning headache reported a higher PDE risk owning to exposure to PM10 in first year and PM2.5–10 in entire postpartum (interaction p = 0.017 and 0.047 and 0.054). We also explored the associations of parents’ stresses with children’s PDE stratified through interior environments (Table S10) and extraventricular pollutants (Table S11). Households owning mildew/damp spots in 1 year prior to conception day 

owned higher children’s PDE risk of parents’ social stress, interaction p = 0.004 (Table S10). In addition, early-life exposure for heavy extraventricular pollutants (PM2.5/PM10/SO2/NO2) in preconception and first trimester amplified PDE risk owning to high/middle social stress, while higher exposure to high level of the seven ambient pollutants over all the stages amplified PDE risk owning to mental stressors (Table S11), with all interaction p values < 0.1. We interestingly observed positive interactions of parents’ economic and mental stresses with early-life interior environments (new furnishing, mildew/damp spots, moldy clothing/bedclothes) 1 year prior to conception day and first year of life related to PDE, and parents owning both high stress and interior exposures reported the highest risk (Table S12). There were positive interactions of parents’ mental stress with all the seven extraventricular pollutants in relation to PDE risk, and parents owning both mental stress and high pollutants exposure held the highest risk (Table S13).  
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 (a) 
Figure 3. Cont.  
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 (b) 
Figure 3. (a) Interior environments concerned to children with PDE: ORs (95% CI) laminated by parents’ socioeconomic stress. ORs were adjusted for covariates, extraventricular NO2 and temperature exposure in different stages; significant interaction p-value < 0.05. (b) Interior environments concerned to children with PDE: ORs (95% CI) laminated by parents’ psychological stress. ORs were adjusted for covariates, extraventricular NO2 and temperature exposure in different stages; significant interaction p-value < 0.05. 
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 (f) 
Figure 4. (a) ORs (95% CI) of surveyed pre-primary children with PDE for extraventricular air pollutants exposure during the preconception period laminated by parents’ socioeconomic stress. ORs were adjusted for covariates and extraventricular temperature exposure in different stages; significant interaction p-value < 0.05. (b) ORs (95% CI) of surveyed pre-primary children with PDE for extraventricular air pollutants exposure during gestation laminated by parents’ socioeconomic stress. ORs were adjusted for covariates and extraventricular temperature exposure in different stages; significant interaction p-value < 0.05. (c) ORs (95% CI) of surveyed pre-primary children with PDE for extraventricular air pollutants exposure during the postnatal period laminated by parents’ socioeconomic stress. ORs were adjusted for covariates and extraventricular temperature exposure in different stages; significant interaction p-value < 0.05. (d) ORs (95% CI) of surveyed pre-primary children with PDE for extraventricular air pollutants exposure during the preconception period laminated by parents’ psychological stress. ORs were adjusted for covariates and extraventricular temperature exposure in different stages; significant interaction p-value < 0.05. (e) ORs (95% CI) of surveyed pre-primary children with PDE for extraventricular air pollutants exposure during the prenatal period laminated by parents’ psychological stress. ORs were adjusted for covariates and extraventricular temperature exposure in different stages; significant interaction p-value < 0.05. (f) ORs (95% CI) of surveyed pre-primary children with PDE for extraventricular air pollutants exposure during the postnatal period laminated by parents’ psychological stress. ORs were adjusted for covariates and extraventricular temperature exposure in different stages; significant interaction p-value < 0.05.  



Chan, L. et al.   Glob. Environ. Sci. 2025, 1(2), 93–115 

https://doi.org/10.53941/ges.2025.100009  109 

4. Discussion The present retrospective cohort cross-sectional study assessed the associations of parents’ stresses and the interactions with household environments and ambient air pollutants exposures on PDE in preschool children throughout multiple temporal exposure stages (prior to conception day, during gestation and after delivery). Firstly, PDE was inversely associated with parents’ social and economic pressures, yet was positively associated with parents’ mental stressors. Household exposure for new decoration, moldy clothing/bedclothes, and non-blooming plants in pregnancy, first year of life and previous year exerted greater impacts on PDE in children owning high parents’ social or economic stresses, but high parents’ social stress amplified associations of extraventricular traffic-related air pollutant (NO2) exposure with PDE from preconceptional stage till previous year. High parents’ mental stress enhanced PDE risk owning to early-life coarser particulate matters (PM2.5–10 and PM10) exposure. There exist positive interactions of parents’ stress with interior environments and extraventricular pollutants, markedly amplified PDE risk. Our results suggest that parents’ stresses not only increase susceptibility to PDE in early children, but also modifies the effects of interior and extraventricular environments on eczema risk, elaborating and supporting the “(Pre-)Fetal Origin of Eczema Hypothesis” through stress-environment synergy. The strengths of this study are manifold: firstly, the large sample size, covering nine administrative areas in Changsha, makes the sample of preschooler’s representative and comprehensive for a medium-sized city. Secondly, the study innovatively utilized the inverse distance weighting (IDW) technique to accurately assess the exposure level of each child according to his/her residential location, thus realizing a detailed portrayal of the exposure level of atmospheric pollution. Thirdly, the study systematically examined the joint effects of parents’ stresses, major household environmental factors and extraventricular pollutants on PDE in children during the key stages from preconception prior to conception day, pregnant to postnatal stages. Fourthly, the study took into account the diversity of interior environmental factors, including not only indicators related to smoke exposure (e.g., ETS, parents’ and/or grandparents’ smoking), but also multidimensional factors such as potential renovation pollution (e.g., pollutants introduced by new furnishing and new decoration), mildew/humid environments (e.g., mildew/damp spots, moldy clothing/bedclothes), as well as different patterns of housing pets and plants. Fifthly, the study was further spanned atmospheric pollution to comprehensively assess the important impacts of seven common pollutants (PM2.5, PM2.5–10, PM10, SO2, NO2, CO, O3) on children’s PDE. Sixthly, the study pioneered the associations of parents’ various stresses with childhood 

PDE, a novel perspective that may provide more targeted insights and recommendations for early risk prevention and treatment strategies. In this study, we newly and comprehensively demonstrated the impacts of parents’ social, economic, and psychosocial stresses on their child’s PDE. A growing body of evidence emphasizes the importance of psychosocial stress as a determinant of human health [56], but the effect of psychological stress interacting with air pollution on the occurrence of eczema has rarely been studied. Many studies have shown that psychological disorders may increase susceptibility to eczema and other allergic diseases in children [57–59]. Some investigations have found that the severity of eczema may be influenced by high levels of perceived stress [60,61], which has a significant effect on the skin barrier, sebaceous gland secretion, skin inflammation, and immunity [62], and would therefore logically be involved in the development of inflammatory skin diseases. This has been demonstrated in psoriasis or AD. A UK study through Southampton Women’s Survey (SWS) [63] found a positive correlation between maternal psychological stress and the development of childhood eczema in infants from 6 months of age to 1 year of age, which is in agreement with our findings. However, an earlier prospective birth cohort study conducted by Sausenthaler [61] in Germany showed that maternal stress during pregnancy was positively associated with the risk of children’s eczema, but the significance of this positive association was only observed in young children under two years of age. This suggests that the association between maternal stressors and the risk of childhood eczema is more important in the early years of a child’s life. Meanwhile, families with poor economic conditions may result in pregnant women not having access to quality medical services, inadequate nutrition, which may affect the normal development of the fetus, and may also cause psychological problems, such as anxiety and depression, etc. Some studies have confirmed that increased work-related stress during pregnancy is positively associated with the risk of childhood eczema [64]. Furthermore, our study indicates that children from families owing high socioeconmonic status are at higher risk of developing PDE. A large population-based study from 48 countries suggests that the migration early in life is often associated with an increased risk of childhood atopic diseases [65]. Epidemiology of migration shows a higher prevalence of AD in children under 4 years of age at the time of migration to Italy compared to children who migrated after the age of 4 years [65]. This confirms the importance of early life for the development of PDE in children, which is in line with our findings. We acknowledge that cross-sectional designs cannot determine the directionality of “stress → eczema” or “eczema → stress.” To approximate a time-series approach as closely as possible, this study included three 
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questions in the questionnaire about eczema onset during distinct periods diagnosed by doctors. Parents were instructed to use “from before pregnancy to the present” as the recall period, thereby extending the exposure window backward. Simultaneously, we referenced evidence from the CCHH retrospective cohort: indoor dampness, mold, and elevated postnatal NO₂ and PM₁₀ levels were all significantly associated with “recurrent episodes/difficulty in resolution.” This confirms that recurrent eczema is indeed associated with long-term exposure to both indoor and outdoor factors. Longitudinal studies further substantiate the bidirectional causality [4]. Parental psychological distress may worsen children’s eczema by impacting disease management and stress-related immune responses [66]. During the prenatal period, high levels of maternal anxiety, depression, or adverse life events significantly elevate the risk of AD in offspring aged 0–3 years [67,68]. Conversely, recurrent or severe eczema episodes can heighten parental psychological distress and family tension. The UK’s ALSPAC study found that the negative impact of childhood atopic dermatitis on maternal sleep quality persists throughout childhood (0–11 years) [69]. Taiwanese clinical controlled studies also demonstrate a dose-response relationship between a child’s allergic burden and caregiver psychological stress [70]. Collectively, this evidence suggests that “stress ↔ eczema” can form a vicious cycle. Future research should therefore adopt prospective or repeated-measure designs, such as cross-lagged panel models, to disentangle temporal ordering and potential mediating mechanisms between parental stress, family functioning, and eczema outcomes.  Many previous studies have associated children’s eczema with various interior environments. A study from Sweden found a dose-dependent relationship between childhood eczema and low ventilation in the home, especially in children’s bedrooms [71], which is consistent with our findings. Several studies have also found an association between interior renovation activities (paint, floor coverings, and new furnishing) in the first few years of life and the lifetime prevalence of eczema in the first few years of life, which may be related to high levels of volatile organic compounds (VOCs) [72–74]. In contrast, environmental VOCs at concentrations below the threshold can lead to barrier defects in children, making them more susceptible to environmental factors [75] and triggering eczema-related symptoms [76]. In our study, we found that families with less educated parents had a significantly increased risk of PDE in children when the mother was exposed to environmental smoke during pregnancy and during the past year after the birth of the child. Several studies have shown that maternal smoking during pregnancy is significantly associated with the incidence of eczema in children [77,78], probably because smoke exposure affects children’s humoral and cellular immunity via the 

placenta, and epigenetic modifications of the immune system in utero adversely affect skin barrier integrity [79], leading to oxidative damage and reduced skin barrier function [80], which makes the skin more susceptible to external stimuli and allergens. Passive smoking due to the smoking of family members has also been associated with the development of eczema in children [81,82], which triggers an imbalance in the immune system of children, making the skin more susceptible to irritation and inflammation, and possibly through skin contact and respiratory inhalation, which can alter the skin barrier function, thus exacerbating the symptoms of eczema [83]. Air pollutants have been found to increase the severity of eczema in children in previoys studies [84,85]. These ambient air pollutants may induce eczema by providing nonspecific stimuli and elevating total serum IgE levels [86]. In addition, earlier studies [87] suggested that NO2 has the potential to disrupt the skin barrier in eczema patients by increasing trans epidermal water loss (TEWL). It has also been found that the compromised barrier promotes allergen sensitization and may lead to systemic allergic reactions [88,89]. A recent Chinese study evaluated the association between childhood eczema and air pollution exposure during pregnancy and the first year of life [90]. The results showed that high levels of NO2, PM2.5 and PM10 exposure in the first year of life were significantly associated with an increased risk of childhood eczema, which is consistent with our findings. Therefore, early pregnancy is a critical stage for air pollution exposure related to eczema development. Atopic eczema, also known as AD, affects a large number of children, especially those under two years of age [91,92]. The immunologic theory focuses on the imbalance between T helper (Th) cell subpopulations, specifically the overactivity of Th2 cells relative to Th1 cells, which contributes to a significant increase in immunoglobulin E (IgE) via the interleukin-mediated pathway [93]. On the other hand, the skin barrier theory suggests that atopic eczema is closely related to mutations in the filipin gene. Filament are key protein that work together with keratinocytes to maintain the integrity and protective function of the skin surface. When filipin is defective, the skin barrier function is impaired, resulting in a decrease in the skin’s ability to retain water, which in turn leads to dryness of the skin. This dry state makes it easier for external allergens to penetrate into the skin, thus inducing or exacerbating allergic reactions and eczema symptoms [94]. We need to address several limitations of this study: first and foremost, we acknowledge that, as a cross-sectional study, our analysis could not fully establish the temporal relationship between exposure and outcome. However, by incorporating multiple doctor-confirmed questions regarding eczema occurrence over different time periods, we attempted to capture the chronic and 
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recurrent nature of the disease. Nevertheless, the exact timing of eczema onset was not available, which may lead to some uncertainty in aligning exposure periods with disease occurrence. Therefore, causal inference should be interpreted with caution. Second, it was a retrospective cohort cross-sectional study design based on questionnaires that were completed by parents of preschool-aged children. The relative accuracy and reliability of parents’ recall of key information such as the child’s delivery day, as well as the fact that all families kept detailed medical records covering key information from routine prenatal checkups to the child’s birth record, and even the results of regular medical checkups during the kindergarten years, reduced the impact of recall bias to a certain extent, making it considered to be minimal. Third, the geographical limitation of this study should not be overlooked. The study was conducted only in Changsha, China, which limits the representativeness of the sample and makes it difficult to fully reflect the situation of children nationwide. In order to enhance the generalizability of the findings, future studies should consider expanding the sample size nationwide. Fourth, we relied on questionnaires rather than direct measurements of the exact concentrations of interior air pollutants (e.g., harmful gases such as VOCs, SVOCs, PMs, etc.) and interior environmental factors (e.g., mildew, pets, or plant) in our assessment of interior air pollution. This indirect assessment may have introduced bias into our analysis and limited the precision of the conclusions. While these symptoms are not diagnostic in a clinical sense, they have been recognized as biologically relevant responses to chronic psychological burden. Nonetheless, we acknowledge that future studies should consider incorporating standardized psychological scales to improve measurement precision. Fifth, there are missing data for several covariates and indoor environmental factors, which may bias the results. Multiple imputations should be performed to analyze the whole participants in multivariable analysis in the future study. Sixth, Self-reported measures of parental stress may be subject to recall and social desirability biases, and the absence of objective indicators limits the precision of stress assessment. Future studies should incorporate multimodal or repeated-measure designs to enhance the validity and temporal resolution of psychosocial stress evaluation. Lastly, this study did not consider the nutritional factors (i.e., dietary habits or nutritional additives) that may be related to eczema and allergic diseases [95]. Future study should also investigate the independent and joint effects of these factors and their interactions with stress and environment on allergic outcomes. 
5. Conclusions We are the first to evaluate the associations of parents’ social, economic, and mental stresses, as well as 

the interactions with early-life interior environments and extraventricular pollution exposures, with early childhood PDE. Associations were detected between parents’ stresses and children’s PDE. Moreover, interactions were found between parents’ stress and household/extraventricular environments over early stages. High parents’ social and economic stresses increased the amplified associations of early-life and current household moldy clothing/bedclothes, new decoration, and non-blooming plants, as well as traffic-related air pollutant (NO2) exposure in preconception, third trimester, and previous year with PDE. High parents’ mental stress amplified PDE risk owing to ambient coarser PMs (PM2.5–10 and PM10) exposure in preconceptional and postnatal stages. Our research supports the “fetal origin of PDE” hypothesis through stress-environmental interaction. The findings may service for the public policy in order to decrease PDE through avoiding early-life adverse family experiences, improving household ventilation, and avoiding crucial air pollutants (such as TRAP and PMs) exposure. This finding emphasizes the importance of targeted preventive measures at different life stages, such as improving the interior environments, reducing exposure to traffic pollution, and focusing on parents’ stress conditions, particularly for mental health, as well as building a harmonious community, to early prevent and reduce the risk of children’s PDE. 
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